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Abstract 


Design,  Fabrication,  Modeling  and  Testing  of 
Surface  Micromachined  Micromirror  Devices 

The  Flexure-Beam  Micromirror  Device  (FBMD)  is  a  phase-only  piston  style 
spatial  light  modulator  demonstrating  properties  which  can  be  used  for  phase  adaptive- 
corrective  optics.  This  thesis  presents  a  complete  study  of  new  designs  of  FBMDs  and 
other  micromirror  devices,  from  original  design  considerations  through  final  device 
testing  and  verification  of  ideal  and  advanced  models.  The  models  relate  the  electrical 
and  mechanical  properties  of  the  device  by  equating  the  electrostatic  force  of  a  parallel- 
plate  capacitor  with  the  counteracting  spring  force  of  the  device's  support  flexures.  For 
the  advanced  model  of  the  Flexure-Beam  micromirror  device,  the  capacitor  solution  is 
derived  via  the  Schwartz-Christoffel  transformation  such  that  the  final  solution  accounts 
for  non-ideal  electric  fields.  This  model  describes  the  behavior  of  any  Flexure-Beam 
device,  given  its  geometry  and  material  properties.  It  includes  operational  parameters 
such  as  drive  frequency  and  temperature,  as  well  as  fringing  effects,  mirror  surface 
deformations,  and  cross-talk  from  neighboring  devices.  Comparisons  are  made  between 
the  ideal  and  advanced  Flexure-Beam  micromirror  models. 

Several  forms  of  micromirror  devices  studied  in  this  thesis  were  commercially 
fabricated  in  a  standard  surface  micromachining  process.  Design  considerations  for  these 
and  other  devices  are  presented.  These  micromirror  devices  were  tested  using  a 
microscope-based  laser  interferometer  in  which  a  laser  beam  reflected  from  the  device 
under  test  modulates  a  fixed  reference  beam.  The  mirror's  displacement  is  then 
determined  from  the  phase  difference.  This  procedure  generates  a  continuous  stream  of 
data  for  each  selected  position  on  the  mirror  surface.  Plots  of  this  data  describe  the 
localized  surface  deflection  as  a  function  of  drive  voltage. 
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Design,  Fabrication,  Modeling,  and  Testing  of 
Surface-Micromachined  Micromirror  Devices 


(I)  Introduction 

In  recent  years,  deformable  mirror  devices  (DMDs)  have  emerged  as  a  new 
microelectromechanical  (MEM)  technology  with  tremendous  potential  for  future 
applications.  As  shown  in  Fig.  1-1,  the  concept  of  deformable  mirrors  was  developed  and 
utilized  as  early  as  21 1  BC  by  Greek  soldiers  to  destroy  enemy  ships  [1]. 


Figure  1-1.  Greek  soldiers  using  deformable  mirrors  [1]. 


However,  it  was  not  until  1973  that  serious  development  of  micromirror  devices  began  to 
emerge.  Currently,  several  designs  of  deformable  mirrors  have  been  fabricated,  some 
before  a  practical  use  had  been  identified.  It  is  these  devices  that  are  now  receiving 
serious  attention  as  optical  communication  and  related  fields  are  expanding. 
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(1.1)  Background 


Deformable  mirror  devices  are  a  specific  type  of  spatial  light  modulator  (SLM). 
Spatial  light  modulators  are  devices  that  can  alter  the  phase,  amplitude,  and/or  the 
direction  of  propagation  of  an  incident  beam  of  light.  Deformable  mirror  devices  do  this 
by  moving  a  reflective  surface  to  achieve  the  desired  effect.  Currently,  two  distinct  types 
of  micromirrors  are  used.  Continuous  surface  devices  use  one  large  reflective  membrane 
that  is  locally  controlled  by  individual  actuators  to  form  a  continuous  reflective  surface. 
Circus  "fun  house"  mirrors  are  an  example  of  such  a  device.  Segmented  devices,  on  the 
other  hand,  use  a  mirror  surface  that  is  divided  into  numerous  individually  controllable 
smaller  mirrors.  Greek  soldiers  used  segmented  mirrors  to  form  a  parabolic  reflective 
surface  which  was  used  to  focus  sunlight  onto  enemy  ships. 


Segmented  devices  are  used  today  in  the  formation  of  large  parabolic  mirrors.  As 
shown  in  Figure  1-2,  the  primary  mirror  of  many  modem  optical  telescope  systems  is 
comprised  of  segmented  deformable  mirrors.  In  the  past,  the  size-limiting  factor  in  such 
systems  has  been  the  size  of  the  primary  mirror  which  had  to  be  mechanically  stable  yet 
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light  enough  to  move  to  various  positions  throughout  a  full  field  of  view.  Larger  mirrors 
were  frequently  damaged  or  caused  damage  to  other  components  of  the  telescope  when 
movement  was  attempted.  With  the  application  of  segmented  deformable  mirror 
technology,  the  practical  limit  in  telescopic  primary  mirror  size  can  be  extended  since 
much  lighter  and  smaller  mirrors  can  be  individually  anchored,  controlled,  and  placed 
adjacent  to  each  other  to  form  the  necessary  parabolic  mirror. 

The  segmented  mirrors  are  not  only  placed  at  a  slight  angle  to  each  other,  but  are 
shaped  by  the  segmented  actuators  and  are  free  to  bend  to  form  smaller  parabolically 
curved  surfaces.  The  segmented  actuators  are  manipulated  by  the  control  electronics 
which  receive  information  from  the  laser  figure  sensor  and  the  edge  computer  which  is 
then  translated  into  a  necessary  change  in  the  position  or  shape  of  the  mirrors.  These 
monitoring  devices  continually  check  the  status  of  the  segmented  mirrors  to  maintain  the 
parabolic  form  of  the  entire  device  and  to  ensure  that  no  gaps  or  severe  discontinuities  are 
present  in  the  surface  of  the  primary  mirror  which  would  result  in  a  distorted  image  or  a 
loss  in  image  resolution. 

The  basic  principles  of  this  macroscopic  technology  can  also  be  used  in 
microscopic  applications  which  involve  fabricating  deformable  mirrors  on  integrated 
circuits.  Several  forms  of  micromirrors  have  emerged  that  combine  on-chip  addressing 
electronics  with  the  micro-mechanical  mirrors  [2,3].  The  geometric  and  material 
variations  of  these  devices  demonstrate  that  deformable  mirrors  can  be  designed  and 
implemented  for  a  variety  of  specific  uses.  The  research  presented  in  this  thesis  involves 
the  design,  fabrication,  modeling,  and  testing  of  various  forms  of  micromirror  devices. 

The  micromirror  devices  studied  are  segmented  surface  devices  in  which  the 
actuation  of  a  small  reflective  mirror  is  controlled  by  a  single  address  electrode.  The 
metallized  mirror  and  the  address  electrode  of  the  device  form  a  parallel  plate  capacitor. 
The  voltage  between  the  mirror  and  the  electrode  creates  an  electrostatic  force  acting  on 
the  mirror  in  the  downward  direction.  The  flexures  holding  the  mirror  are  designed  to 
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deform,  allowing  the  mirror  to  move  vertically  with  applied  voltage.  The  resulting  spring 
force  of  the  flexures  acts  on  the  mirror  in  the  upward  direction,  countering  the 
electrostatic  force  of  the  capacitor. 

Various  types  of  devices  were  designed  and  fabricated  in  order  to  characterize  the 
general  behavior  of  electrostatically  actuated  micromirrors.  Of  particular  interest, 
however,  is  the  piston  device  known  as  the  Flexure-Beam  Micromirror  Device  (FBMD). 
Figure  1-3  shows  a  square  Flexure-Beam  device  as  seen  from  directly  overhead  and  from 
the  side,  illustrating  the  vertical  motion  of  the  mirror. 


The  Flexure-Beam  device  is  a  "phase-only"  device  since  the  direction  of  motion  of  the 
mirror  is  orthogonal  to  the  reflective  surface.  Therefore,  the  optical  path  length  can  be 
altered  while  the  direction  of  propagation  remains  unchanged.  This  makes  the  piston 
device  very  appealing  for  phase  modulated  filters  or  for  adaptive  phase  correcting  optics. 

Since  the  forces  due  to  electrostatic  actuation  and  the  flexure  support  are  functions 
of  deflection  distance,  equating  them  will  produce  a  characteristic  equation  relating  the 
applied  actuation  potential  between  the  mirror  and  electrode  to  the  downward  deflection 
distance  of  the  mirror.  Using  ideal  models  of  both  the  capacitor  and  spring,  this 
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characteristic  equation  is  quite  simple.  However,  it  becomes  obvious  that  the  actual 
behavior  of  the  device  is  not  ideal  and  involves  realistic  effects  of  these  models  such  as 
fringing  effects  of  the  electric  fields  within  the  capacitor  or  surface  deformations  of  the 
mirror  itself.  Therefore,  the  ideal  model  can  be  developed  as  a  starting  point  for 
describing  the  device  behavior.  The  non-ideal  effects  are  then  incorporated  so  that  the 
characteristic  model  more  closely  resembles  the  actual  behavior  of  the  device. 

(1.2)  Problem  Statement  and  Objectives 


One  application  of  the  FBMD  is  in  laser  communications  between  objects  in  rapid 
relative  motion.  It  is  in  the  interest  of  the  Air  Force  to  design  a  system  that  will  allow  for 
laser  communications  between  aircraft  in  flight.  The  primary  design  consideration  for 
such  a  system  is  the  correction  of  phase  aberrations  in  the  laser  beam  that  are  created  as 
the  beam  passes  through  the  atmosphere  and  windows  in  the  aircraft  fuselage. 


Figure  1-4.  Illustration  of  phase  aberration  compensation  using  FBMD  arrays. 


The  system  must  be  able  to  employ  an  array  of  Flexure-Beam  devices  to  discretely  alter 
the  path  length  of  the  beam  across  the  phase-front  to  remove  these  induced  aberrations. 
Figure  1-4  illustrates  the  use  of  such  an  array  of  devices.  Outside  each  window,  strong 
currents  of  turbulent  air  form  random  pockets  of  various  air  pressures  and  densities.  The 
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laser  beam  containing  the  communications  signal  passes  through  these  pockets  and  is 
distorted  from  an  ideal  plane  wave  due  to  the  varying  atmospheric  densities  which 
slightly  alter  the  propagation  velocity  and  direction  of  the  beam.  Therefore,  the  phase- 
front  of  the  laser  beam  becomes  aberrated  throughout  its  cross  section  and  requires  phase 
aberration  compensation  to  retrieve  the  information  encoded  within  the  beam. 


Figure  1-5.  Proposed  laser  communication  system  using  FBMD  beam  correction. 


The  proposed  laser  communication  system  is  shown  in  Fig.  1-5  which  illustrates 
the  use  of  the  FBMD  chip  containing  an  array  of  micromirrors.  For  this  system  to 
function  as  desired  an  extremely  accurate  device  model  must  be  developed  and 
implemented  by  a  control  unit  which  dictates  the  behavior  of  the  mirrors  on  the  FBMD 
chip.  This  control  unit  must  receive  information  from  a  phase  sensory  unit  that  informs  it 
as  to  how  much  phase  correction  is  needed  in  order  to  fully  rectify  the  beam  phase 
aberrations  created  as  the  beam  passes  through  air  pockets  located  outside  the 
communication  windows.  The  control  unit,  in  turn,  uses  the  device  model  to  translate  the 
needed  phase  correction  into  distances  that  individual  mirrors  must  be  displaced  and  their 
corresponding  electrode  potentials  which  must  be  applied  to  achieve  the  rectified  beam. 
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The  critical  point  in  this  system  is  the  FBMD  control  unit  which  utilizes  the 
model  of  how  the  individual  mirrors  of  the  device  will  respond  to  applied  potentials. 
Therefore,  the  model  must  further  account  for  any  and  all  non-ideal  physical  behavior 
observed  in  the  operation  of  the  device.  This  must  incorporate  various  parameters  such 
as  operating  temperature,  drive  frequency,  and  the  geometry  and  material  properties  of  the 
flexures  and  mirrors  as  well  as  other  elements  related  to  specific  fabrication  processes. 

The  FBMD  chip  which  must  be  used  in  this  system  has  two  dimensional  arrays  of 
individually  actuated  piston  devices.  It  is  desirable  to  design  the  micromirrors  such  that 
the  devices  can  be  closely  packed  together  to  maximize  the  active  area  of  the  chip. 


Figure  1-6.  Drawing  of  a  basic  layout  of  an  individually  addressable  FBMD  chip. 


Portions  of  the  laser  beam  that  reflect  from  other  surfaces  on  the  chip  can  not  be 
modulated  and  will  therefore  maintain  the  noise  characteristic  of  the  aberrated  beam.  A 
basic  FBMD  chip  is  shown  in  Fig.  1-6  which  illustrates  the  relative  proximity  of  the 
devices  and  demonstrates  how  the  devices  are  set  inside  a  standard  integrated  circuit  pad 
frame.  Shown  with  the  devices  are  various  amplifiers  which  may  be  included  to  operate 
the  array.  It  is  easy  to  see  that  the  mirrors  can  be  significantly  smaller  than  each  bonding 
pad.  Therefore,  a  larger  array  of  devices  would  require  a  much  larger  pad  frame  due  to 
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the  number  of  bonding  pads  required.  It  is  for  this  reason  that  some  other  technology  is 
being  sought  for  routing  purposes,  one  that  could  possibly  bond  and  route  incoming 
signals  below  the  substrate  surface.  As  shown  in  Fig.  l-7(a),  the  array  of  mirrors  is 
closely  packed  together  to  maximize  the  active  area  inside  the  optical  target  zone.  This 
presents  routing  problems  when  trying  to  connect  bonding  pads  to  the  address  electrodes 
of  devices  at  the  center  of  the  array.  Most  test  devices  have  been  fabricated  using  row 
and  column  addressing  to  avoid  these  problems.  Such  an  array  is  shown  in  Fig.  l-7(b). 


(a)  Drawing  of  the  Array  (b)  Photograph  of  the  Array  [4] 

Figure  1-7.  Array  of  square  Flexure-Beam  devices  used  in  phase  adaptive  optics. 


It  is  obvious  that  the  signal  reflected  by  the  mirrors  will  dominate  the  output  of  the 
device,  but  the  sharp  edges  and  gaps  in  the  surface  as  well  as  the  etch  holes  created  for 
the  chemical  release  process  tend  to  reduce  its  optical  efficiency. 

To  use  this  device  in  the  suggested  communication  system,  its  behavior  must  first 
be  modeled.  To  do  this,  the  device  must  be  experimentally  characterized  so  that  its 
behavior  can  be  related  to  applied  voltages.  However,  given  slight  variations  in  the 
flexures  and  posts,  mostly  due  to  the  fabrication  process,  one  mirror  may  not  behave 
exactly  as  another.  For  this  reason,  the  device  is  characterized  using  a  statistical 
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assumption  such  that  an  average  behavior  can  be  described  for  any  mirror  [5].  First,  the 
phase  errors  are  assumed  to  be  random  so  that  a  full  range  of  phase  is  made  available  to 
the  distribution  with  all  phases  equally  weighted.  Also,  the  individual  mirrors  are 
assumed  to  be  statistically  independent  of  each  other  and  identically  distributed. 
Although  some  cross-talk  may  exist  between  mirrors  where  the  voltage  applied  to  one 
electrode  may  affect  the  deflection  of  the  neighboring  mirror,  this  interdependence  is 
relatively  predictable  and  shall  be  included  in  the  model  rather  than  in  this  statistical 
assumption.  Fortunately,  the  device  behavior  follows  a  Gaussian  distribution  in  which 
the  average  behavior,  which  is  predicted  by  the  characteristic  model,  is  related  to  the 
mean  of  the  curve.  As  depicted  in  Fig.  1-8,  for  a  given  voltage,  the  probability  is  greatest 
that  the  predicted  vertical  deflection  will  occur. 


Figure  1-8.  Gaussian  distributions  of  deflection  distance  for  any  applied  voltage. 


Any  variation  in  an  individual  device  may  cause  it  to  deflect  some  distance  other  than 
predicted.  For  example,  the  fabrication  process  may  leave  some  residue  on  the  flexures 
that  alters  device  behavior.  If  it  resists  the  downward  motion  of  the  mirror  more  than 
expected,  the  deflection  distance  of  the  mirror  will  be  reduced.  Fortunately,  the 
probability  of  any  significant  variation  in  the  deflection  distance  is  small  compared  to  that 
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of  the  mean  deflection  distance.  Starting  from  such  a  statistical  approach,  it  is  now 
required  to  develop  the  characteristic  equation  which  will  serve  as  a  very  precise  and 
well-developed  model  of  the  device. 


(1.3)  Approach 


In  order  to  develop  the  characteristic  model  of  the  Flexure-Beam  micromirror 
device,  it  must  first  be  characterized  by  equating  the  electrostatic  actuation  force  of  the 
parallel  plate  capacitor  with  the  mechanical  restoring  force  of  the  spring.  Figure  1-9 
shows  a  Flexure-Beam  device  in  the  resting  (  V  =  0  )  and  active  (  V  >  0  )  modes  where  zm 
represents  the  vertical  height  of  the  mirror  above  the  address  electrode.  It  is  initially 
assumed  that  when  no  electrode  potential  is  applied,  the  mirror  rests  firmly  in  the  resting 
position,  z0,  where  the  deflection  distance,  d,  at  all  points  on  the  mirror  is  zero. 


The  geometry  of  the  Flexure-Beam  device  is  such  that  an  electric  field  is  induced  between 
the  mirror  held  at  a  negative  voltage  (  or  ground )  and  the  electrode  that  is  allowed  to  vary 
between  zero  and  some  maximum  positive  voltage.  This  maximum  electrode  voltage 
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must  be  maintained  below  a  point  where  the  device  is  permanently  damaged  by 
irreversibly  deforming  the  flexures  or  the  mirror  itself. 

The  flexures  of  the  FBMD  are  designed  to  provide  a  restoring  force  on  the  mirror 
counteracting  the  electrostatic  force  supplied  by  the  address  electrode.  These  flexures  are 
modeled  as  portions  of  a  standard  spring  providing  a  direct  relationship  between  the  force 
supplied  by  the  flexures  and  the  mirror  deflection  distance.  Figure  1 -10(a)  shows  a 
device  flexure  modeled  as  a  portion  of  a  rectangular  spring.  Using  this  representation,  the 
complete  operational  model  of  the  device  reduces  to  that  shown  in  Fig.  1 -10(b). 


(a)  Device  Flexure 


(b)  Operational  Representation 


Figure  1-10.  Device  flexure  and  complete  operational  representation  of  the  FBMD. 


The  spring  constant  is  a  function  of  several  parameters  such  as  temperature  and  driving 
frequency  which  tend  to  alter  its  value  and  therefore  the  restoring  force.  Furthermore, 
this  spring  constant  can  be  closely  predicted  using  basic  mechanical  engineering 
techniques  in  which  the  dimensions  and  material  properties  of  the  flexures  determine  a 
known  behavior.  Knowing  this  constant,  and  the  electrostatic  force,  the  behavior  of  the 
device  can  be  predicted  before  it  is  actually  fabricated  allowing  for  modifications  and 
refinements  of  the  device  during  the  design  stage. 

The  induced  electric  field  is  shown  in  Fig.  1-11  in  which  the  field  lines  are 
uniform  and  orthogonal  to  the  mirror  and  electrode  surface  in  the  center  of  the  cell. 
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Moving  outward  to  the  edges  of  the  mirror,  the  field  lines  slowly  become  less  uniform 
until  they  are  rounded  outward  at  the  edges  of  the  mirror  and  electrode.  It  is  easy  to  see 
that  this  figure  represents  the  electric  field  lines  as  viewed  from  any  rotated  angle  within 
the  cell.  It  is  these  fringing  effects  that  will  prevent  the  use  of  the  ideal  force  equation  for 
a  parallel  plate  capacitor  because  the  force  is  no  longer  uniform  across  the  mirror  surface. 
As  devices  become  smaller,  the  effects  of  fringing  fields  become  increasingly  significant 
making  more  detailed  models  necessary. 


Fringing 

Field 

Lines 


Figure  1-11.  Electric  field  induced  within  the  FBMD. 


Mirror 


Electrode 


Likewise,  the  mirror  surface  is  ideally  assumed  to  be  perfectly  rigid  such  that  no 
surface  deformations  exist  throughout  the  range  of  motion  of  the  device.  Such  an 
assumption  is  incorrect  since  any  membrane  or  suspended  structure  will  deform 
according  to  the  force  applied  across  its  surface. 


_ _  „  Flexure  ,,  Mirror 

iiiiiii! 

Electrode  Support  Post  - — - 

Figure  1-12.  Possible  deformation  of  mirror  surface  due  to  electrostatic  actuation. 

Figure  1-12  shows  a  cross  section  of  how  the  mirror  may  deform  as  voltage  is  applied  to 
the  address  electrode.  As  this  voltage  creates  a  force  along  the  surface  of  the  mirror  in  the 
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downward  direction,  the  portions  of  the  mirror  attached  to  the  flexures  will  be  rigidly 
suspended  while  the  remainder  of  the  mirror  is  free  to  deform  or  deflect  downward.  The 
degree  of  deformation  is  related  to  the  applied  voltage  as  well  as  the  mirror  geometry  and 
the  material  properties  from  which  it  is  constructed.  A  more  detailed  model  of  this  device 
must  account  for  non-ideal  behavior  such  as  surface  deformations. 

The  deflection  of  a  micromirror  device  is  measured  using  a  microscope-based 
laser  interferometer  in  which  a  collimated  laser  beam  is  split  into  an  object  and  reference 
beam.  The  object  beam  is  reflected  from  the  mirror  surface  and  is  recombined  with  the 
constant  reference  beam  to  form  a  modulated  output  beam.  The  interference  between  the 
two  beams  creates  an  optical  intensity  pattern  which  is  measured  by  a  photodetector.  An 
output  voltage  is  generated  relative  to  this  optical  intensity.  The  input  and  output 
voltages  are  captured  from  an  oscilloscope  and  the  resulting  analysis  yields  a  curve  in 
which  the  mirror  deflection  is  plotted  against  the  driving  address  potential. 


Y  Axis 


Figure  1-13.  Division  of  mirror  surface  into  pixel  points  [6]. 

The  mirrors  of  the  FBMD  are  generally  much  larger  than  the  4  pm  diameter  of  the 
laser  spot  focused  on  the  mirror  surface.  This  allows  for  a  division  of  the  mirror  surface 
into  several  pixels  that  can  be  individually  studied.  Therefore,  the  mirror  displacement 
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can  be  measured  over  the  entire  surface  in  the  pattern  shown  in  Fig.  1-13.  These  pixels 
will  be  used  to  quantify  the  corresponding  region  of  the  mirror  surface  to  allow  for 
observations  concerning  the  rigidness  of  the  mirror  itself.  Any  deformation  in  the  surface 
of  the  mirror  as  larger  and  larger  potentials  are  applied  to  the  address  electrode  can  be 
detected  by  monitoring  the  displacement  at  each  pixel. 

The  course  of  action  for  the  research  presented  in  this  thesis  is  to  develop  a 
theoretical  model  for  the  behavior  of  FBMDs  and  collect  experimental  data  from  these 
devices.  Then,  the  experimental  data  collected  from  each  pixel  on  various  devices  will  be 
used  to  verify  the  overall  deflection  model  for  the  mirror  surface  as  a  function  of  applied 
potential.  This  model  includes  various  operating  parameters  such  as  temperature  and 
driving  frequency  and  also  incorporates  non-ideal  behavior  of  the  devices  such  as  surface 
deformations,  fringing  field  losses,  and  drive  interference  from  neighboring  devices 
known  as  cross-talk. 

(1.4)  Sequence  of  Presentation 

The  concepts  and  related  information  mentioned  in  Chapter  (I)  are  expounded  in 
the  following  chapters.  Chapter  (II)  contains  a  review  of  current  micromirror  technology 
involving  a  wide  variety  of  device  designs  and  possible  applications.  In  addition,  related 
research  involving  the  FBMD  is  reviewed  for  the  purpose  of  establishing  a  reasonable 
foundation  upon  which  new  research  should  build. 

Chapter  (EH)  presents  the  theoretical  approach  to  modeling  the  FBMD  by 
developing  mathematical  relationships  between  the  forces  governing  the  behavior  of  the 
device.  The  theory  is  developed  from  basic  physical  principals  concerning  the 
electrostatic  force  of  the  parallel  plate  capacitor,  the  spring  force  of  the  device  flexures, 
and  various  effects  of  operating  parameters.  The  final  product  of  this  chapter  is  a 
complete  theoretical  model  of  the  behavior  of  the  FBMD  for  any  geometry  or  materials. 
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Chapter  (IV)  presents  the  experimental  setup  and  procedure  which  are  used  to 
verify  the  model  developed  in  Chapter  (III).  The  purpose  of  this  chapter  is  to  carefully 
outline  the  steps  involved  in  gathering  data  as  well  as  to  identify  the  equipment  used  and 
lessons  learned  in  the  process.  A  complete  description  of  the  devices  under  test  is 
presented  so  that  the  goal  and  desired  outcome  of  the  data  collection  are  made  clear. 

Chapter  (V)  consists  of  the  discussion  and  analysis  of  the  data  collected  from  the 
various  devices  under  test.  The  empirical  data  is  compared  to  the  theoretical  model  so  as 
to  verify  its  precision  and  reliability  throughout  various  test  devices.  When  applicable, 
explanations  are  presented  as  to  why  a  predicted  outcome  was  not  observed. 

Chapter  (VI)  concludes  the  information  presented  in  the  thesis.  The  key  points  of 
the  research  are  highlighted  and  the  suggested  course  of  future  research  is  described  in 
detail  to  aid  in  the  further  development  of  FBMD  technology. 
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(II)  Literature  Review 


To  become  familiar  with  the  current  level  of  technology  concerning  micromirrors, 
a  complete  background  review  was  conducted  using  published  journal  articles  and  related 
reference  materials.  It  was  determined  that  micromirror  devices  have  been  widely 
accepted  as  a  highly  adaptable  and  efficient  means  of  manipulating  optical  systems.  It 
was  also  determined  that  these  devices  have  only  recently  been  implemented  for  these 
purposes,  primarily  due  to  lengthy  research  and  development  periods.  Regardless  of 
current  limitations,  however,  the  development  of  micromirror  devices  is  considered  to  be 
essential  to  future  optical  applications  in  communications  and  signal  processing. 

(2.1 )  Deformable  Micromirror  Devices 

Among  the  micromirrors  already  developed  are  two  forms  of  continuous  surface 
devices  and  a  large  variety  of  segmented  devices.  Their  fundamental  operation  is 
common  in  micro-mechanical  devices  such  that  an  electrostatic  force  created  between 
electrodes  directs  the  motion  of  the  mirrors.  Each  of  the  micromirror  designs  has  distinct 
operating  characteristics  that  distinguish  them  for  use  in  specific  applications.  Some 
devices  tilt  the  mirror,  some  lower  it,  and  others  do  both  to  varying  degrees.  This  means 
that  each  specific  device  is  limited  in  its  application  either  by  a  lack  in  range  of  motion  or 
other  effects  such  as  losses  in  amplitude  or  redirection  of  the  incident  beam  of  light.  The 
designs  presented  in  this  chapter  are  primarily  first-generation  devices  with  basic 
characteristics  that  are  used  to  describe  most  similar  designs.  Many  geometric  and 
material  variations  have  recently  been  designed  to  overcome  some  of  these  limitations. 

The  most  important  characteristic  is  optical  efficiency.  Optical  efficiency  is  the 
maximum  modulated  energy  deflected  into  the  (  M,  N  )  diffraction  order  divided  by  the 
total  energy  illuminating  the  device  [3].  This  efficiency  is  largely  dominated  by  the 
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geometric  design  and  operation  of  the  various  deformable  micromirror  devices  [7].  For 
the  continuous  surface  devices,  the  optical  efficiency  is  reduced  due  to  the  bending  of  the 
mirror  which  reflects  the  incident  light  away  from  the  optical  path.  The  segmented 
devices  share  this  characteristic  to  some  degree,  but  have  a  more  distinguishable  trait. 
The  sharp  edges  and  gaps  in  the  surface  of  the  segmented  devices  tend  to  scatter  the  light 
away  from  the  desired  optical  path,  reducing  the  optical  efficiency  of  the  design. 

The  two  types  of  continuous  surface  devices,  shown  in  Fig.  2-1,  are  characterized 
by  how  the  reflective  surface  is  supported  on  the  substrate.  All  other  characteristics  such 
as  the  electrostatic  actuation  of  the  reflective  surfaces  remain  the  same. 


(a)  Elastomer  Device  (b)  Membrane  Device 

Figure  2-1.  View  of  Elastomer  and  Membrane  continuous  surface  devices  [2]. 


The  Elastomer  device  supports  the  mirror  with  a  displaceable  elastic  spacer  between  the 
reflective  surface  and  the  addressing  electrodes.  This  allows  for  a  smooth  continuity  in 
the  surface  of  the  mirror.  Unfortunately,  this  creates  other  problems  that  may  disable  the 
design  for  a  specific  application.  For  instance,  the  metallized  reflective  surface  shared  by 
adjacent  cells  is  more  likely  to  move  than  to  stretch.  Therefore,  an  individually  addressed 
electrode  that  is  activated  would  tend  to  pull  the  surface  away  from  a  neighboring 
electrode  that  is  not  activated.  This  creates  severe  "cross-talk"  problems  between  cells. 

The  Membrane  device  supports  the  mirror  with  rigid  spacers  that  hold  portions  of 
the  mirror  fixed  in  one  position  while  the  remainder  of  the  surface  is  allowed  to  flex 
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downward  toward  the  electrodes.  One  disadvantage  of  this  device  is  that  a  large  portion 
of  the  mirror,  as  much  as  75%  of  the  surface,  is  required  for  stability  and  can  not  be  used 
as  a  modulating  element.  As  shown  in  Fig.  2-2,  the  reflective  surface  above  the  spacers 
will  reflect  light  directly  back  along  the  optical  path,  reducing  desired  effects. 


Both  designs  of  continuous  surface  devices  share  a  common  limitation  in  possible 
applications.  As  the  surface  is  deflected  downward,  the  deflection  distance  is  not  uniform 
across  the  mirror  cell.  Therefore,  any  use  as  a  phase-modulating  element  would  result  in 
a  loss  of  signal  intensity  as  the  beam  is  reflected  circularly  away  from  the  optical  path. 

The  segmented  devices  include  the  Inverted  Cloverleaf,  Cloverleaf,  Quad- 
Cantilever,  Torsion-Beam,  and  the  Piston  type  FBMD.  The  FBMD  is  of  specific  interest 
to  the  Air  Force  for  the  laser  communication  system  due  to  its  phase-only  characteristics. 

The  first  segmented  deformable  micromirror  device  to  be  designed  and  fabricated 
was  the  Inverted  Cloverleaf  design  shown  in  Fig.  2-3.  This  device  has  four  reflective 
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surfaces  per  pixel,  each  fixed  by  the  outside  comer  to  the  surface  of  the  device.  The 
reflective  surfaces  are  free  to  move  along  the  vertical  axis.  As  the  electrode  potential 
increases,  the  cantilever  surfaces  bend  downward  at  the  center  of  the  pixel.  This  creates  a 
phase  modulation  by  lengthening  the  optical  path  of  the  incident  beam  and  an  amplitude 
reduction  by  redirecting  some  of  the  light  away  from  the  pixel  [3].  It  is  obvious  that  the 
four  cantilever  surfaces  within  each  pixel  will  not  redirect  the  light  in  the  same  direction. 
Also,  the  phase  modulation  in  the  beam  is  not  uniform  as  the  center  of  the  pixel  will 
generate  a  greater  modulation  than  the  outer  edges.  As  shown  in  Fig.  2-3,  much  of  the 
surface  of  the  device  is  stationary. 


The  active  micro-mechanical  surface  of  the  device  comprises  only  a  small  percentage,  as 
little  as  26%,  of  the  total  surface  area  and  thus  the  entire  device  is  limited  in  operation 
since  a  beam  reflected  by  the  device  will  be  dominated  by  the  background  reflection  of 
the  incident  beam  [2].  These  drawbacks  have  made  other  designs  more  desirable. 
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One  design  improvement  is  another  cantilever  device  known  as  the  Cloverleaf. 
As  shown  in  Fig.  2-4,  the  flexures  holding  the  reflective  surfaces  are  placed  in  the  center 
of  the  pixel  [9].  This  takes  the  basic  design  of  the  Inverted  Cloverleaf  and  reduces  some 
of  the  negative  effects  observed.  Also,  the  electrodes  are  located  directly  beneath  each 
mirror  which  allows  the  cantilever  surfaces  to  be  individually  addressable. 


Moving  the  support  for  the  mirrors  to  the  center  of  the  pixel  cell  allows  for  better 
use  of  overall  space.  Now,  the  pixels  can  be  placed  so  that  adjacent  cells  nearly  touch 
each  other  with  only  a  small  gap  required  between  the  mirrors  of  one  cell  and  the  mirrors 
of  another.  Most  of  the  total  surface  area  of  the  device  is  reserved  for  the  active  elements 
with  the  exception  of  the  posts  which  hold  the  mirrors  in  place.  This  increases  the  active 
area  of  the  device  to  as  much  as  86%  which  is  similar  to  the  remaining  devices  described 
in  this  chapter.  This  device,  however,  maintains  the  side  effect  of  redirecting  an  incident 
beam  of  light  in  four  distinct  directions. 

In  this  thesis,  several  cloverleaf  devices  were  designed  and  fabricated  for  testing 
so  that  the  characteristic  behavior  of  the  cantilever  micromirror  device  could  be  studied. 
The  devices  were  designed  with  various  mirror  sizes  and  shapes  and  various  lengths  of 
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flexures  to  provide  a  wide  variety  of  samples.  Each  mirror  was  tested  individually  on  a 
point-by-point  basis  using  the  microscope-based  laser  interferometer.  Descriptions  of 
these  devices  are  presented  in  greater  detail  in  Chapter  (IV). 

The  third  design  is  the  Quad-Cantilever  device  shown  in  Figure  2-5.  The  primary 
advantage  over  the  Inverted-Cloverleaf  design  is  that  this  device  geometry  allows  for 
obvious  improvements  in  the  active  area  and  the  motion  of  the  cantilever  surfaces. 


The  significant  advantage  over  the  Cloverleaf  devices  is  that  the  mirrors  are  aligned  so 
that  the  redirection  of  the  incident  beam  of  light  is  in  a  common  direction.  This  allows 
the  device  to  be  capable  of  switching  or  redirecting  the  incident  light  with  little  loss  in 
amplitude.  One  characteristic  similar  to  the  Inverted  Cloverleaf  and  Cloverleaf  devices  is 
the  slanted  behavior  of  the  deflected  mirror.  This  behavior  is  typical  with  cantilever 
devices  and  creates  a  non-uniform  phase  response  across  the  surface  of  each  mirror. 

Another  common  deformable  micromirror  design  is  the  Torsion-Beam  device. 
This  design  has  a  wider  range  of  motion  than  the  above  designs  since  its  tilted  surface  is 
directed  by  a  rotation  about  the  center  axis.  Instead  of  bending  in  only  one  direction,  this 
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design  allows  for  a  bending  in  the  opposite  direction  as  well.  This  increases  the 
switching  ability  of  the  device  and  allows  for  a  greater  diversity  of  possible  applications. 

The  Torsion-Beam  device,  shown  in  Fig.  2-6,  has  several  electrodes  located 
beneath  each  reflective  mirror.  This  allows  for  a  uniform  force  distribution  along  the 
mirror  surface  in  order  to  reduce  any  deformations  of  the  mirror  during  operation. 


These  electrodes,  however,  must  be  carefully  regulated  so  that  they  do  not  conflict  with 
each  other  and  render  the  mirror  immobile  with  equal  potentials  applied  to  both  sides  of 
the  device.  Likewise,  as  is  common  with  such  tilting  designs,  the  mirror  may  deflect  to 
the  point  of  touching  the  supporting  substrate.  Therefore,  "landing"  pads  may  be  added  to 
prevent  a  short  between  the  mirror  and  address  electrodes.  This  device  is  already  being 
used  in  some  projection  and  optical  information  processing  applications  due  to  its  wide 
range  of  motion  and  high-speed  switching  ability  [9]. 

The  final  deformable  micromirror  design  is  the  Piston  device  more  commonly 
known  as  the  Flexure-Beam  Micromirror  Device  (FBMD).  This  is  the  primary  device 
being  tested  and  is  the  focus  of  micromirror  modeling  in  this  thesis.  The  device  is 
supported  along  the  outer  edge  of  the  mirror  surface  by  flexures  that  are  designed  to 
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deform.  For  best  operation,  the  device  is  symmetrically  designed  such  that  the  flexures 
along  one  side  of  the  mirror  are  rotated  about  the  center  of  the  device  and  are  placed 
along  the  other  sides  in  the  same  manner.  This  creates  a  more  uniform  restoring  force  by 
the  flexures  and  reduces  any  undesirable  tilting  or  lateral  translation  of  the  mirror.  The 
primary  characteristic  of  the  FBMD  is  that  the  motion  of  the  device  is  solely  along  the 
vertical  axis  normal  to  the  reflective  surface  of  the  mirror.  Figure  2-7  shows  a  square 
device  with  four  flexures  whose  lengths  are  approximately  half  the  width  of  the  mirror. 


Figure  2-7.  The  square  Flexure-Beam  Micromirror  Device  [10]. 


Flexure-Beam  Micromirror  Devices  are  not  limited  to  this  form  and  can  be  designed  with 
various  geometries  of  flexures  and  mirrors. 


(2.2)  Fabrication 


The  fabrication  of  deformable  micromirrors  is  quite  simple  and  is  based  on 
standard  metal-oxide  semiconductor  (MOS)  processing  [2].  The  micromirror  structure  is 
built  in  layers  using  either  a  metal  or  polymer  spacer  support  post.  The  polymer  spacer  is 
spun  on  a  wafer  and  baked,  followed  by  a  thin  layer  of  metal  and  a  layer  of  silicon- 
dioxide  which  are  then  patterned  as  flexures.  A  thicker  layer  of  metal  is  then  applied 
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followed  by  another  layer  of  oxide  which  are  patterned  as  the  mirror.  The  structures  are 
then  etched  to  remove  the  polymer  spacer  and  release  the  micromirror  devices.  Timing 
the  etch  process  for  the  spacer  support  post  devices  is  critical  since  the  spacer  must  be 
completely  removed  beneath  the  mirrors  while  maintaining  a  reliable  amount  for  the 
support  post.  For  this  purpose,  etch  holes  may  be  added  along  the  surface  of  the  mirrors 
so  that  the  spacer  beneath  the  mirrors  is  removed  more  quickly.  Figure  2-8  demonstrates 
the  fabrication  process  for  both  types  of  support  structures. 


(a)  After  Spacer  Patterning 


Flexure  Oxide  Flexure  Metal  Flexure  Oxide  Flexure  Metal 


(b)  After  Mirror  Oxide  Patterning 


Figure  2-8.  Fabrication  process  of  the  metal  and  polymer  support  post  devices  [2]. 


The  micromirror  devices  that  were  designed  for  testing  purposes  in  this  thesis  were 
fabricated  commercially  using  polysilicon  support  posts.  Three  distinct  layers  of 
polysilicon  are  used  to  build  the  devices  while  silicon  dioxide  is  used  as  the  sacrificial 
material.  This  specific  fabrication  process  is  presented  in  greater  detail  in  Chapter  (IV). 
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(2.3)  Device  Applications 


Given  a  large  number  of  deformable  micromirror  applications,  none  is  more 
immediately  available  than  DMD  projection  televisions  which  significantly  improve  upon 
the  performance  of  current  systems.  For  example,  modem  televisions  require  electron 
"cannons"  to  direct  a  flow  of  charge  within  the  picture  tube  to  excite  the  pixels  on  the 
screen.  This  hardware,  added  to  the  picture  tube  itself,  constitutes  the  majority  of  the 
volume  of  a  television  unit.  With  an  array  of  torsion  micromirror  devices,  this  hardware 
is  no  longer  necessary  since  an  incident  beam  of  light  can  be  redirected  to  all  points  on 
the  screen  at  a  frequency  near  several  MHz,  well  above  that  required  for  the  human  eye  to 
integrate  the  pixels  into  a  single  image  [9]. 


Lens 


(a)  Torsion-Beam  DMD  Chip 


(b)  HDTV  Configuration 


Figure  2-9.  Torsion-Beam  DMD  chip  and  system  configuration  of  the  HDTV  [9]. 


Such  a  device  is  a  High-Definition  Television  (HDTV),  shown  in  Fig.  2-9,  which  can 
provide  increased  screen  size  with  no  loss  in  resolution  or  increase  in  the  size  of  the 
television.  The  first  condenser  lens  focuses  light  from  the  light  source  onto  the  rotating 
color  filter  wheel.  The  wheel  is  rotated  at  a  rate  matched  by  that  of  the  DMD  chip  which 
redirects  the  light  through  a  projection  zoom  lens  to  the  screen.  The  filter  wheel  contains 
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the  three  primary  colors  and  for  every  one-third  revolution,  the  DMDs  will  send  that 
colored  information  to  the  screen.  A  complete  revolution  will  create  a  multicolored 
image  on  the  screen  and  the  process  is  repeated  to  form  a  working  television  display. 

Several  other  applications  of  segmented  deformable  micromirrors  have  been 
suggested  and  some,  as  in  the  case  of  HDTV,  are  already  being  used  [11].  In  the  field  of 
optical  communications,  micromirror  devices  offer  the  distinct  capability  of  bridging  the 
gap  between  electrical  control  technology  and  micromechanical  switching.  For  example, 
Fig.  2- 10(a)  shows  an  array  of  input  fiber  optic  cables  that  pass  through  a  wall  of 
micromirrors.  It  is  suggested  that  these  devices  be  used  as  the  signal  generating  source 
for  various  communication  techniques  using  such  optical  media  as  fiber  optics. 


Micromirrors  Micromirrors 


(a)  Signal  Generation  Network  (b)  Optical  Switching  Network 

Figure  2-10.  Suggested  signal  generation  and  optical  switching  networks  [11]. 


Each  input  fiber  is  connected  to  a  specific  output  fiber  with  a  micromirror  device  placed 
within  the  connection  interface.  A  torsion-beam  device  can  be  set  to  interrupt  the  light 
from  the  input  fiber  at  varying  intervals  so  as  to  create  a  Pulse  Width  Modulation  (PWM) 
scheme  or,  more  simply,  an  On-Off  Keying  (OOK)  scheme. 

Likewise,  Fig.  2- 10(b)  depicts  a  switching  network  which  can  be  implemented 
along  with  the  signal  generation  setup.  This  network  can  be  comprised  of  an  array  of 
torsion-beam  or  similar  devices  that  redirect  an  incident  beam  of  light  from  an  input  fiber 
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to  any  selected  output  fiber.  If  the  device  range  of  motion  is  such  that  the  signal  can  be 
sent  to  any  number  of  output  cables,  then  this  network  can  maintain  virtually  any 
combination  of  input  to  output  signals.  Furthermore,  such  devices,  which  can  operate 
well  into  the  MHz  range,  become  quite  effective  for  either  signal  generation  or  optical 
switching  purposes. 

The  torsion  or  cantilever  devices  could  be  used  in  optical  imaging  systems  such  as 
video  cameras  to  provide  mechanical  stability.  A  camera  mounted  on  a  moving  or 
unstable  platform  would  produce  a  bumpy  and  distorted  image,  but  an  array  of 
deformable  micromirrors  could  be  employed  to  redirect  the  incoming  light  to  the  film  or 
image  sensor  to  correct  for  sharp  changes  in  position  of  the  camera. 

The  proposed  application  of  FBMD  is  for  use  in  corrective  optics  in  environments 
that  would  require  a  laser  beam  to  be  corrected  for  phase  aberrations.  For  example,  the 
laser  communication  system  described  in  Chapter  (I)  employs  such  a  device  since  the 
laser  signal  between  two  airplanes  in  rapid  relative  motion  would  be  limited  due  to 
aberrations  in  the  beam  caused  by  airflow  around  the  transmitting  and  receiving  windows 
of  the  aircraft.  The  FBMD  combined  with  a  control  and  sensory  unit  could  correct  these 
aberrations  in  real  time.  Other  optical  imaging  systems  such  as  telescopes  or  video 
cameras  may  require  the  same  corrections. 

(2.4)  Related  Research 

The  behavioral  characterization  of  deformable  micromirrors  has  only  recently 
been  sought  and  as  a  result,  few  papers  have  been  published  concerning  such  research. 
However,  two  distinct  papers  exist  that  are  directly  related  to  research  in  this  thesis.  The 
first  presents  the  development  of  an  ideal  characteristic  model  for  FBMDs  using  basic 
physical  principals  [4].  This  paper  verifies  the  starting  point  of  a  model  developed  in 
Chapter  (III)  which  contains  the  more  realistic  non-ideal  effects  of  the  device. 
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The  second  paper  is  the  result  of  previous  thesis  work  conducted  in  the  same  Air 
Force  Institute  of  Technology  laboratory  [6].  The  research  presented  in  this  thesis  is  an 
initial  characterization  of  a  particular  FBMD  supplied  by  a  private  company  interested  in 
FBMD  research.  The  characterization  was  carried  out  using  the  microscope-based  laser 
interferometer  mentioned  in  Chapter  (I).  As  shown  in  Fig.  2-1 1,  a  laser  beam  is  split  into 
a  reference  beam  having  a  constant  amplitude  and  phase  and  an  object  beam  that  is 
reflected  from  the  FBMD  device  under  test. 


Detector 


(a)  Interferometer  Assembly 


Microscope 


(b)  Microscope  Assembly 


Figure  2-11.  Experimental  setup  of  microscope-based  laser  interferometer  [6]. 


The  path  length  of  the  object  beam  is  discretely  lengthened  by  twice  the  deflection 
distance  of  the  micromirror  under  test.  When  the  reference  and  object  beams  are 
recombined,  the  resulting  beam  is  modulated  such  that  its  intensity  as  observed  by  the 
detector  is  a  function  of  the  relative  phase  of  the  two  beams  and  therefore  the 
displacement  of  the  micromirror  [6].  The  microscope-based  laser  interferometer  is 
described  in  greater  detail  in  Chapter  (IV). 

Using  this  experimental  setup,  the  FBMD  was  driven  by  a  4  kHz  signal  ranging 
from  zero  to  5.8  volts.  The  resulting  detector  output  signal  is  shown  in  Fig.  2- 12(a)  along 
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with  this  input  drive  signal.  The  amplitude  of  the  output  signal  is  arbitrary  since  it  is  the 
relative  voltage  that  is  used  to  compare  data  points.  The  maximum  and  minimum  values 
of  the  output,  however,  are  crucial  to  the  phase  calculations  of  the  output  waveform  [6]. 


Driving 

Signal 

Voltage 


(a)  Experimental  Signals 


(b)  Output  Phase  Representation 


Figure  2-12.  Experimental  signals  and  phase  notation  of  observed  output  [6]. 


The  output  signal  shows  that  this  particular  device  created  nearly  a  2n  phase  change  using 
a  A,  =  632.8  nm  HeNe  laser.  The  output  signal  does  not  vary  as  a  perfect  sinusoid  since 
the  system  was  not  calibrated  such  that  the  detector  output  was  maximum  when  no 
address  electrode  voltage  was  applied.  The  analysis  of  the  experimental  setup  is 
discussed  in  greater  detail  in  Chapter  (IV). 

The  phase-space  representation  of  the  output  intensity,  S ,  is  shown  in  Fig.  2- 12(b) 
along  with  the  object  and  reference  beam  vectors,  D  and  R ,  respectively.  The  upper  and 
lower  drive  voltage  limits,  V0  =  5.8  V  and  V0  =  0  V,  are  shown  at  two  different  locations 
along  the  path  of  the  modulated  signal.  The  arrows  indicate  that  at  no  time  does  the  path 
along  the  circle  cross  itself  in  the  domain  of  input  voltages.  Therefore,  the  driving  signal, 
which  oscillates  between  these  voltages,  will  produce  less  than  a  2n  phase  change  and 
will  create  a  peak  in  the  output  voltage  at  point  B  and  a  minimum  at  point  A.  These 
points  do  not  necessarily  correspond  to  the  peaks  and  minima  of  the  driving  signal.  By 
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tracing  the  length  of  the  signal  vector,  S,  back  and  forth  between  these  voltage  points,  it 
is  easy  to  see  that  the  output  voltage  waveform  is  produced. 

A  set  of  data  reflecting  the  FBMD  motion  with  respect  to  the  input  voltage  can  be 
plotted  to  show  the  characteristic  behavior  of  the  device  as  shown  in  Fig.  2-13.  The 
device  exhibits  the  same  behavior  in  both  directions  of  motion  indicating  that  no 
significant  hysteresis  effects  are  present. 


Figure  2-13.  Experimental  behavior  of  the  FBMD  under  test  [6]. 

The  same  method  of  characterization  is  used  in  this  thesis  to  verify  models  of 
FBMD  behavior.  This  measurement  technique  is  repeated  over  the  entire  mirror  surface 
for  other  devices  to  verify  their  deflection  and  deformation.  Devices  of  various 
geometries  and  designs  are  used  to  demonstrate  the  completeness  and  adaptability  of  the 
developed  model  as  well  as  to  present  basic  behavior  traits  of  these  designs.  This 
procedure  is  presented  in  greater  detail  in  Chapter  (IV)  and  the  results  of  the  measurement 
techniques  described  above  are  presented  in  Chapter  (V). 
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(Ill)  Theory  of  Operation 


The  actuation  of  the  Flexure-Beam  Micromirror  Device  is  electrostatic.  A  voltage 
is  applied  to  an  address  electrode  beneath  the  mirror  which  creates  a  potential  difference 
between  this  electrode  and  the  mirror  which  is  grounded.  This  creates  a  downward 
electrostatic  force  along  the  surface  of  the  mirror  which  is  countered  by  an  upward  spring 
force  of  the  flexures.  These  physical  principles  dictate  the  behavior  of  the  device. 

In  this  thesis,  ideal  characteristic  models  of  the  Flexure-Beam  and  Cantilever 
micromirror  devices  are  developed  by  equating  the  electrostatic  force  of  a  parallel  plate 
capacitor  with  the  restoring  force  of  a  spring.  The  models  are  developed  using  idealized 
assumptions  of  the  physical  behavior  of  the  devices.  For  instance,  it  is  assumed  that 
uniform  electric  fields  exist  between  the  mirror  and  address  electrodes  of  the  device 
which  simplifies  the  analysis  of  the  electrostatic  actuation  of  the  mirror. 

In  addition,  a  complete  characteristic  model  is  developed  for  Flexure-Beam 
micromirror  devices.  The  effects  of  temperature,  driving  frequency,  electric  field 
fringing,  mirror  surface  deformation,  and  cross-talk  from  adjacent  devices  are 
incorporated  into  the  model  to  provide  an  accurate  description  of  Flexure-Beam  behavior. 

(3.1 )  Coordinate  System  Declaration 

A  convenient  characteristic  of  most  micromirror  devices  is  the  symmetry  designed 
about  the  center  of  the  device.  Most  micromirror  devices  are  designed  in  the  shape  of 
squares  or  other  polygons  that  share  similar  symmetric  traits.  Therefore,  a  simple 
Cartesian  coordinate  system  can  be  assigned  to  analyze  the  behavior  of  micromirror 
devices  which  capitalizes  on  this  symmetry.  As  shown  in  Fig.  3-1,  the  x  and  y  axes  lie  in 
the  plane  of  the  top  of  the  address  electrode  and  intersect  at  the  center  of  the  device.  The 
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Z  axis  defines  the  vertical  dimension  within  the  device.  The  mirror  widths  along  the  *  and 
y  axes,  wx  and  wy  respectively,  are  shown  such  that  the  coordinates  used  to  describe  a 
position  along  the  mirror  surface  range  from  negative  to  positive  values  of  half  the  width. 


Figure  3-1.  Cartesian  coordinate  system  used  for  standard  micromirror  devices. 

This  coordinate  system  will  help  simplify  the  solutions  of  symmetric  physical  properties 
such  as  the  electric  field  intensity  which  is  uniform  only  at  the  center  of  the  device. 

(3.1.1)  Geometric  Variable  Declarations 

In  order  to  describe  the  mechanical  behavior  of  micromirror  devices,  a  set  of 
variables  must  be  defined  that  fully  accounts  for  the  physical  geometry  and  motion  of  the 
mirrors  and  flexures.  These  variables  are  graphically  defined  using  a  simple  micromirror 
device  consisting  of  two  flexures  supporting  the  device  at  opposite  ends  of  the  mirror. 
The  flexures  and  support  posts  are  shown  separated  from  the  mirror  for  the  purpose  of 
clarification  between  the  resting  and  actuated  positions  of  the  device. 
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The  flexure  variables  shown  in  Fig.  3-2(a)  are  comprised  of  the  initial  deflection 
due  to  gravity,  dg,  the  actuated  deflection  of  the  device  at  the  end  of  the  flexures,  dp  the 
resting  separation  distance  between  the  mirror  and  address  electrode,  z0,  the  actuated 
separation  distance  at  the  end  of  the  flexures,  Zp  and  the  spacer  thickness,  ts,  used  in  the 
fabrication  of  the  device. 


(a)  Flexure  Variables  in  Actuated  and  Resting  Position  (b)  Mirror  Variables 

Figure  3-2.  Graphical  identification  of  micromirror  device  dimension  variables. 


The  mirror  variables  shown  in  Fig.  3-2(b)  are  a  function  of  position  along  the 
surface  of  the  mirror  and  include  the  separation  distance  between  the  mirror  and  address 
electrode,  zm(x,y),  and  the  surface  distribution  of  mirror  position  relative  to  the  ideal 
uniform  deflection,  A z(x,y),  which  includes  mirror  surface  deformations  and  tilting  of  the 
mirror  due  to  cross-talk  interference  or  variances  in  flexure  behavior. 

The  initial  deflection  due  to  gravity  can  be  found  using  the  combined  mass  of  the 
mirror,  M,  and  the  characteristic  spring  constant  of  the  device,  k,  such  that 


Mg 

k 


(3.1) 


where  g  is  the  acceleration  constant  due  to  gravity.  As  shown  in  Fig.  3-2(a),  the  resting 
position  of  the  device  at  the  end  of  the  flexures,  z0,  is  given  by: 


z  —t—d  =  ds  +  Zs 

o  s  g  f  **f 


(3.2) 


which  describes  the  vertical  separation  distance  between  the  address  electrode  and  the 
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mirror  at  the  end  of  the  flexures  when  no  address  potential  is  applied.  Likewise,  as 
shown  in  Fig.  3-2(b),  the  separation  of  the  mirror  and  address  electrode  is  given  as 

zm(x,y)  =  z0-df-A  z(x,y )  =  zf-A  z(x,y )  ( 3.3  ) 

The  most  important  relationship  defines  the  relative  deflection  as  a  function  of  position 
along  the  mirror  surface,  d(x,y),  such  that 

d(x,y)  =  df  +  Az(x,y)  (3.4) 

which  describes  the  deflection  observed  for  a  given  voltage  at  any  point  (x,y)  along  the 
surface  of  the  mirror.  Ultimately,  this  is  the  independent  variable  used  to  describe  the 
behavior  of  a  micromirror  device  such  that  the  voltage  is  plotted  against  this  deflection. 


(3.2)  Electrostatic  Force 


In  order  to  compute  the  electrostatic  force  on  the  mirror,  it  must  first  be 
determined  by  which  means  this  force  will  be  calculated.  More  specifically,  it  must  be 
decided  whether  the  charge  distribution,  which  is  not  uniform  over  the  mirror  surface, 
will  be  considered.  The  charge  distribution  will  change  with  the  position  of  the  mirror 
surface  and  will  also  be  altered  by  any  mirror  surface  deformations  or  discontinuities  such 
as  etch  holes.  This  leads  to  a  complicated  solution  when  integrating  across  the  mirror 
[12].  As  an  alternative,  since  both  the  charge  distribution  of  the  mirror  and  the  applied 
electrode  voltage  are  related  to  the  electric  field  within  the  device,  it  is  possible  to  express 
the  potential  energy,  of  the  electric  charge  distribution  solely  in  terms  of  this  field: 


i  =  i|oF<M  =  ij£„£J 


dv 


(3.5) 


where  a  is  the  surface  charge  distribution  on  the  mirror,  V  is  the  actuation  voltage 
between  the  mirror  and  address  electrode,  A  is  the  area  of  the  mirror,  e0  is  the  free  space 
dielectric  constant  and  E  is  the  electric  field  intensity  at  any  point  in  the  volume  v  within 


3-4 


the  device  [13].  By  assigning  an  electric  energy  density  of  ViZgE2  to  each  point  in  space 
within  the  device,  the  physical  effect  of  the  charge  distribution  on  the  mirror  surface  is 
preserved.  From  this  approach  it  is  easy  to  see  that  the  non-uniform  charge  distribution 
on  the  mirror  surface  and  the  fringing  effects  of  electric  fields  around  the  edges  of  the 
mirror  are  complementary  descriptions  of  the  same  electrical  phenomenon. 

(3.2.1)  Virtual  Work 

With  the  ability  to  express  the  energy  of  the  device  in  terms  of  the  electric  field, 
the  analysis  of  the  electrostatic  force  on  the  mirror  surface  is  determined  by  a  method 
known  as  virtual  work  [13].  First,  a  parallel  plate  capacitor  with  conductor  separation 
distance  z  is  connected  to  a  battery  supplying  a  fixed  potential,  V.  If  some  exterior 
mechanical  force,  F,  displaces  the  mirror  by  dz,  the  net  energy  supplied  in  the  course  of 
this  displacement  is  equal  to  the  change  in  the  electrical  energy  stored  in  the  capacitor. 
More  specifically,  the  change  in  electrical  energy  of  the  capacitor,  E ’  is  equal  to  the  sum 
of  the  mechanical  work  done  by  the  displacement  force  moving  the  mirror,  ^F,  and  the 
change  in  the  electrical  energy  supplied  by  the  battery,  such  that 

If+Ib=Ie  (3-6) 

The  mechanical  work  and  the  change  in  the  electrical  energy  of  the  battery  are: 

lP=Fdz,  lB  =  VdQ  (3.7) 

where  dQ  represents  the  net  change  in  electric  charge  supplied  by  the  battery  and  is  equal 
to  the  product  of  the  applied  potential,  V,  and  the  change  in  capacitance,  dC.  The 
electrical  energy  of  the  battery  is  then 

=  V{VdC)  =  V2d(^]  =  - V\A %  =  -(z^iAdz)  (3-8> 
\  z  J  z 

Using  the  electrical  energy  density  within  the  capacitor,  the  total  electrical  energy  is 
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found  by  integrating  Eq.  (3.5)  using  a  uniform  electric  field.  The  differential  change  in 
the  electrical  energy  is  given  by 


=  d 


e  E 

^=- Az 


=  £„ 


AV2  f-dz 


(3.9) 


Substituting  Eqs.  (3.8)  and  (3.9)  into  Eq.  (3.6)  yields 

o  f'2 

Fdz  -  enE2Adz  =  Adz 

2 


(3.10) 


which  reduces  to 


(3.11) 


Equation  (3.11)  represents  the  total  force  on  the  surface  of  the  mirror  as  a  function  of 
electric  field.  It  also  demonstrates  that  the  force  per  unit  area  on  the  mirror  surface  is 
equal  to  the  electrical  energy  density  per  unit  volume  within  the  device  [13]. 


(3.3)  Ideal  Micromirror  Models 

Before  an  advanced  model  is  created  for  the  Flexure-Beam  Micromirror  Device, 
an  ideal  model  is  first  developed  which  is  a  much  simpler  account  of  the  physical 
principles  involved  in  the  actuation  of  a  micromirror  device.  For  many  devices  and 
operating  conditions,  this  ideal  model  will  be  sufficient  for  the  characterization  of  the 
micromirror  device.  For  instance,  devices  having  mirror  dimensions  which  are 
significantly  larger  than  the  separation  distance  between  the  mirror  and  address  electrode 
will  not  demonstrate  fringing  electric  field  losses  since  the  actuation  of  the  device  is 
dominated  by  the  uniform  electric  field  within  the  device. 

Ideal  models  are  developed  for  both  the  Flexure-Beam  and  the  Cantilever 
micromirror  devices.  These  models  include  idealized  assumptions  of  the  electric  field 
and  mechanical  uniformity  such  as  no  mirror  surface  deformations  or  thermal  expansion 
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effects.  A  more  complete  model  is  later  developed  for  the  Flexure-Beam  micromirror 
device  which  builds  upon  the  ideal  model  and  includes  these  and  other  effects. 

(3.3.1 )  Flexure-Beam  Micromirror  Devices 

Since  the  electric  field  is  symmetric  about  the  center  of  the  cell  and  the  mirror  and 
electrode  are  assumed  to  be  rigid,  the  electric  field  lines  along  the  outer  edges  of  the  cell 
shall  be  assumed  uniform  as  well,  as  shown  in  Fig.  3-3(a).  Therefore,  the  induced  electric 
field  is  initially  assumed  to  be  uniform  and  orthogonal  to  both  the  mirror  and  electrode  at 
all  points  along  both  surfaces.  This  neglects  deformations  of  the  mirror  surface  during 
operation  as  well  as  fringing  effects  of  the  electric  field  around  the  edges  of  the  device. 


(a)  Uniform  Field  Within  Micromirror  Device  (b)  Two  Points  Within  Uniform  Field  [14] 

Figure  3-3.  Uniform  electric  field  analysis  of  the  Flexure-Beam  Micromirror  Device. 

The  analysis  of  a  uniform  electric  field  is  developed  using  the  interaction  between  two 
points,  A  and  B,  as  shown  in  Fig.  3-3(b).  The  potential  difference  between  any  two 
points  located  within  this  uniform  electric  field  separated  by  a  distance,  d,  is  defined  as: 

AV  =  VA  -  VB  =  f  E  •  dl  =  Ed  (3.12) 

JO 

Applying  the  definition  of  potential  difference  between  any  point  along  the  surface  of  the 
address  electrode  and  its  opposite  point  along  the  surface  of  the  mirror  yields  the  electric 
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field  of  a  parallel  plate  capacitor,  EPP,  having  a  potential,  V,  equal  to  the  voltage 
difference  applied  between  them: 


F  = 

npp 


(3.13) 


where  VE  is  the  electrode  voltage,  VM  is  the  mirror  voltage,  and  zm  is  the  separation 
distance  between  the  top  of  the  electrode  and  bottom  of  the  mirror.  Knowing  this  electric 
field,  the  attractive  force  between  the  mirror  and  electrode  is  given  by  Eq.  (3.11)  such  that 


F  =  —  E2  A  (3.14) 

pp  2  pp  v  ' 

where  Q  is  the  total  mirror  charge,  e0  is  the  free  space  dielectric  constant,  and  A  is  the 
surface  area  of  the  mirror.  The  uniform  separation  distance  between  the  address  electrode 
and  the  mirror,  zm,  is  given  in  Eq.  (3.3)  in  which  A z(x,y)  =  0  such  that: 


7  =7 


(3.15) 


where  z0  is  the  resting  separation  when  no  electrode  voltage  is  applied  and  df  is  the 
vertical  displacement  of  the  mirror  at  any  point  along  the  surface. 

The  total  electrostatic  force  is  found  by  substituting  Eqs.  (3.13)  and  (3.15)  into 
Eq.  (3.14)  which  yields  the  magnitude  of  the  downward  force  applied  on  the  mirror: 

f  V 


F  =  — 

PP  2 


V 


(3.16) 


V*o  ~  df  j 

The  restoring  force  produced  by  a  spring  displaced  a  distance,  dp  from  its  equilibrium 
position  is  given  by  Ficke's  Law: 


Fs  =  kdf  (  3.17  ) 

where  k  is  the  characteristic  spring  constant  distinct  to  a  particular  spring  system.  This 

I 

constant  is  distinct  to  each  spring  and  can  be  measured  experimentally  or  determined 
using  mechanical  analysis.  It  is  obvious  that  the  linear  response  of  the  restoring  force  is 
valid  only  for  a  limited  range  of  displacement  distances.  Forces  greater  than  some  critical 
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force  applied  to  the  mirror  must  be  avoided  to  ensure  that  the  flexures  do  not  deform  and 
that  the  restoring  force  exhibits  a  linear  response. 

It  is  expected  that  the  flexures  will  deform  linearly  as  the  rectangular  spring 
described  in  Chapter  (I).  Therefore,  balancing  the  upward  restoring  force  of  the 
micromirror  flexures  against  the  downward  force  of  the  parallel  plate  capacitor: 


FPP  —  Fs, 


2 


V 


A  =  kd 


f 


(3.18) 


V*o  ~  df  j 

produces  an  equality  that  can  be  solved  to  determine  the  necessary  voltage,  V,  to 
vertically  displace  the  mirror  a  desired  distance,  dp  from  the  resting  position: 


i  \  2kdf 

v(d,)  =  U  -  d,)^ 


(3.19) 


In  this  ideal  model,  the  deflection  along  the  mirror  surface  is  assumed  to  be  uniform.  In  a 
more  realistic  model,  surface  deformations  invalidate  this  assumption. 

As  described  above,  the  characteristic  spring  constant,  k,  can  be  experimentally 
determined  for  a  specific  micromirror  device.  However,  mechanical  analysis  of  the 
geometry  and  material  properties  comprising  the  flexures  can  determine  this  value  as 
well.  As  a  result,  the  behavior  of  a  Flexure-Beam  Micromirror  Device  can  be  obtained 
without  the  need  for  experimental  observations.  Section  (3.6)  contains  this  analysis. 


(3.3.2)  Cantilever  Micromirror  Devices 

The  Cantilever  micromirror  device  can  be  modeled  using  the  same  ideal 
conditions  assumed  for  the  Flexure-Beam  micromirror  device.  Unlike  the  FBMD, 
however,  the  deflection  is  not  uniform  along  the  surface  of  the  mirror,  but  a  function  of 
position  along  one  dimension  since  the  device  tilts  away  from  the  support  post. 
Assuming  no  surface  deformations,  the  deflection  becomes  a  linear  function  of  position. 
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Figure  3-4  illustrates  the  motion  of  the  device  and  defines  the  dimension  variables.  It  is 
known  that  the  flexures  will  deflect  according  to  Ficke's  Law  given  in  Eq.  (3.17),  but 
another  aspect  of  the  Cantilever  device  is  the  additional  bending  of  the  flexure  which 
determines  the  angle  of  deflection,  0,  at  which  the  mirror  is  tilted. 


Post  Flexure  Mirror 


Figure  3-4.  Side  view  of  Cantilever  micromirror  deflection  with  assigned  variables. 

As  the  mirror  deflects  downward,  the  force  distribution  along  the  surface  of  the  mirror  is 
no  longer  uniform  since  the  end  of  the  mirror  is  closer  to  the  address  electrode  than 
elsewhere  along  the  mirror.  As  a  result,  the  total  electrostatic  force  applied  to  the  device 
will  change  according  to  the  vertical  deflection  of  the  flexure,  dp  and  the  angle  of 
deflection,  0.  To  account  for  this  behavior,  two  spring  constants  are  introduced  such  that 

Fs  =  \df,  Q  =  k2df  ( 3.20 ) 

where  k1  describes  the  vertical  deflection  at  the  end  of  the  flexure  and  k2  describes  the 
angle  of  deflection  of  the  mirror.  Both  constants  are  directly  related  to  the  amount  of 
electrostatic  force  acting  on  the  device  since  they  determine  the  position  of  the  mirror. 

The  electrostatic  force  acting  on  the  mirror  is  found  by  integrating  the  linear  force 
distribution  across  the  surface  of  the  mirror.  Since  this  force  distribution  is  uniform  in 
the  y  dimension,  the  force  is  only  dependent  on  the  integral  over  the  x  domain.  Likewise, 
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the  separation  distance  between  the  mirror  and  address  electrode,  zm,  and  the  vertical 
deflection  distance  of  the  mirror,  d,  are  functions  of  x  and  are  defined  as 

Zm{x)  =  z0  —  df  -  xsin(0),  d{x)  =  df  +  xsin(0)  (3.21 ) 
The  total  electrostatic  force  for  a  Cantilever  micromirror  device,  Fo  is  found  to  be  [15] 


Fc=-rWy  V 
2  y 


_  v2 


zm(x)  2  zfzt 


( 3.22 ) 


where  the  vertical  separation  distances  at  the  flexure  end  of  the  mirror  and  tip  of  the 


device,  &-and  zt  respectively,  are  shown  in  Fig.  3-4  and  are  defined  as 


Zf  —  z o  dp 


zt  -  zf  -  wx  sin(0) 


Using  the  deflection  relationship  of  Eq.  (3.20),  the  deflection  angle,  0,  becomes 

0  =  l^df  -  k2[d  -  x  sin(0)] 


( 3.23 ) 


(3.24) 


Since  the  length  of  the  micromirror  device  is  significantly  larger  than  the  separation 
distance  between  the  mirror  and  address  electrode,  the  angle  produced  by  the  actuation  of 
the  device  is  sufficiently  small  to  allow  for  the  sin(0)  «  0  approximation  such  that 


+  0 


( 3.25 ) 


Equating  the  electrostatic  force  in  Eq.  (3.22)  with  the  restoring  force  of  Eq.  (3.20)  yields 
the  characteristic  model  of  the  Cantilever  micromirror  device: 


V(d)  = 

where  the  address  potential,  V,  is  required  to  deflect  a  device  some  distance,  d,  at  some 
position,  x,  along  the  surface  of  the  mirror.  Similar  to  the  FBMD  model,  the  spring 
constants  of  the  Cantilever  micromirror  device  can  be  determined  from  mechanical 
analysis  of  the  deflection  and  bending  properties  of  the  material  comprising  the  flexure. 
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(3.4)  Electrostatic  Actuation 


The  relationship  in  Eq.  (3.11)  also  holds  for  non-uniform  electric  fields.  The 
fringing  electric  fields  around  the  perimeter  of  the  device  alter  the  force  per  unit  area  on 
the  mirror  as  a  function  of  position  on  the  mirror  surface.  The  total  electrostatic  force 
acting  on  the  mirror  is 

F  =  JJ  f(x,  y)dxdy  =  y  JJ  E2(x,  y)dxdy  ( 3.27 ) 

The  fringing  electric  fields  will  diminish  the  force  per  unit  area  around  the  edges  of  the 
mirror  which  will  produce  an  actual  total  electrostatic  force  that  is  slightly  less  than  the 
ideal  force  calculated  by  neglecting  fringing  effects. 

(3.4.1 )  Schwartz-Christoffel  Transformation 

The  electrostatic  force  of  the  device  is  developed  using  a  conformal  mapping 
technique  known  as  the  Schwartz-Christoffel  transformation.  In  any  map  of  an  electric 
field,  the  electric  flux  and  equipotential  lines  are  orthogonal  to  each  other  and  form 
curvilinear  squares  between  points  of  intersection.  The  sides  of  these  squares  will  be 
perfectly  linear  for  uniform  electric  fields  and  curved  for  any  non-uniform  field.  The 
electric  field  is  taken  from  a  complex  plane  7  as  described  by  some  polygon  and 
transformed  to  a  complex  plane  W,  where  W  is  an  analytic  function  of  7.  This 
transformation  preserves  the  orthogonal  intersections  of  the  flux  and  equipotential  lines 
and  alters  the  sides  of  the  curvilinear  squares  resulting  in  a  mapping  of  the  electric  field  to 
the  W  plane.  The  Schwartz-Christoffel  transformation  provides  the  means  to  determine 
the  functional  relationship  between  7  and  W  such  that  any  electric  field  can  be  mapped 
about  any  geometry  given  the  initial  polygon  [15]. 


3-12 


The  fringing  electric  field  is  analyzed  using  a  parallel  plate  capacitor  whose  plates 
extend  to  infinity  along  the  y  axis  and  for  negative  x  values.  This  symmetry  approach  is 
valid  since  the  fringing  effects  of  the  device  are  localized  at  the  outer  edges  of  the  mirror. 


Figure  3-5.  Schwartz-Christoffel  transformation  of  a  parallel  plate  capacitor  [16]. 

The  Schwartz-Christoffel  transformation,  shown  in  Fig.  3-5,  is  a  well-developed  and 
widely-accepted  tool  for  such  analysis  which  describes  the  initial  polygon  in  terms  of  the 
exterior  angles  about  which  its  perimeter  traverses  and  the  points  at  which  the  angle  is 
located.  The  conformal  mapping  equation  is  given  in  as: 

y  =  X  +  iz  =  J0  +  a\{w  -  bj°{w  -  -  bj-dw  (3.28) 

where  y0  and  A  are  constants  determined  by  boundary  conditions,  b  is  the  value  of  each 
point  mapped  into  the  W  plane,  and  n  is  the  number  of  points  mapped  into  finite  values. 
The  quantity  exponents,  a  =  0/tc  -  1,  are  functions  of  the  external  angle,  0,  of  the 
transformed  polygon  at  each  point  in  the  y  plane  being  mapped  [15,16]. 

The  electric  field  of  a  parallel  plate  capacitor  originally  drawn  in  the  y  plane  is 
shown  in  Fig.  3-5(a)  where  the  points  being  mapped  into  the  W  plane  are  labeled  A 
through  D  and  are  enclosed  by  the  polygon  drawn  around  the  upper  and  lower  plates  of 
the  capacitor.  Figure  3-5(b)  represents  the  mapping  of  these  points  in  the  W  plane 


3-13 


showing  the  finite  values  of  points  B,  C,  and  D.  The  constant  electric  flux  lines  are 
mapped  into  W  circularly  about  point  C  which  produces  the  relationship: 


W  =  V  +  i<I>  =  ^ )  ln(w),  w  =  exp^^j  ( 3.29 ) 

Where  W  and  <J>  represent  electric  flux  and  potential  respectively,  V  is  the  potential 
applied  between  the  plates  of  the  capacitor  and  w  represents  the  W  plane  in  polar  form. 
With  aB  =  aD  =  1  and  ac=  -1,  the  Schwartz-Christoffel  transformation  reduces  to 


y  =  Jo  +Aj  -  ----  dw  =  y0  +A[jW2  -  ln(w)] 


( 3.30 ) 


Applying  the  boundary  conditions  at  points  B  and  D  in  both  planes,  the  constants  of  the 
transformation  are  ya  =  -144  and  A  =  -(zjn)  which  produces  the  final  relationship: 


y  =  x  +  iz  = 


n 


in  1 

—  W  +  - 
V  2 


1  -  exp' 


2niW 


(3.31 ) 


which  can  be  solved  for  the  real  and  imaginary  parts  to  produce  the  parameterized 
solution  in  two  dimensions  for  the  edge  of  a  parallel  plate  capacitor.  Doing  so  yields 

x  =  —  [\|;  +  1  -  cos((p)l,  z  =  —  [9  -  sin((p)l  (3.32) 

In L  J  2n L  J 

where  zm  is  the  vertical  position  of  the  mirror  above  the  address  electrode.  The  index 

parameters  \| r  and  cp  are  normalized  functions  of  flux  and  potential  respectively,  such  that 

271^ 


=  — 


and 


9 


27td> 


—  00  <  \|/  <  00 

0  <  (p  <  2tc 


( 3.33 ) 

( 3.34 ) 


where  <3>  is  the  potential  variable,  is  the  electric  flux  variable,  and  V  is  the  potential 
applied  between  the  mirror  and  electrode.  The  result  of  Eq.  (3.32)  is  plotted  in  Fig.  3-6 
which  demonstrates  that  the  fringing  effects  are  only  present  at  the  edges  of  the  mirror. 
Moving  toward  the  center  of  the  device,  away  from  the  edges  of  the  mirror,  the  electric 
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field  and  equipotential  lines  approach  ideal  uniformity  .  The  electric  field  fringing  effects 
are  only  considered  for  field  lines  on  the  underside  of  the  mirror  (\)/  <  0 )  since 
neighboring  micromirror  devices  prevent  the  extended  fringing  that  would  produce  field 
lines  emanating  from  the  top  of  the  mirror  and  underneath  the  electrode. 


Micromirror  devices  standing  alone  may  experience  a  larger  fringing  loss  than  devices 
positioned  within  an  array  due  to  the  existence  of  these  extending  electric  field  lines. 

For  devices  standing  alone,  the  electrostatic  force  along  the  electric  field  lines 
outside  the  device  acts  in  the  opposite  direction  as  those  within  the  device.  Although  the 
arc  lengths  of  these  lines  are  much  larger  and  thus  the  electric  intensity  much  weaker,  the 
net  electrostatic  force  of  these  lines  should  not  be  neglected.  Integrating  Eq.  (3.27)  along 
the  top  of  the  mirror  produces  a  non-zero  force  in  the  upward  direction  which  is 
counterproductive  to  the  actuation  of  the  device.  The  net  electrostatic  force  acting  on 
devices  standing  alone  is  somewhat  less  than  that  on  devices  within  an  array. 
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(3.4.2)  Electric  Field  Arc  Length 


To  find  the  electric  field  intensity  as  a  function  of  position  along  the  mirror 
surface,  the  length  of  the  arc  traced  along  a  constant  electric  flux  value  must  be 
determined.  Recognizing  that  differential  change  in  the  potential  function,  di p,  will  result 
in  differential  change  in  position,  dx  and  dz,  the  relation  is  found  to  be 


di  =  -Jdx2  +  dz2  - 


^  dx  'l  r  dz^ 


v  j 


dip 


( 3.35 ) 


where  di  is  the  differential  change  in  the  arc  length.  Using  the  derivatives  of  x  and  z  with 
respect  to  the  potential  function,  9,  produces 

dx  /  nr  .  \  dz 


=  -  (ev  sin  cp),  —  =  (l  -  ev  cos  9) 
dip  2k  ’  dip  2k  v  ' 

Substituting  these  results  into  Eq.  (3.35)  and  integrating  each  side  yields 


i  =  ^yfl  +  7^  f 

271  J 


271 

f 

(  2ev  } 

J 

0 

1  + 

liW0S,pJ 

dip 


( 3.36 ) 


( 3.37 ) 


Using  basic  trigonometric  substitution,  this  is  simplified  to 


n 


l  =  •^2L  (l  +  ev)  f  [l  -  m  sin2  0l2  dQ,  m  =  ^  (  ^.38  ) 

*  /JoL  J  (l  +  *v) 

which  is  simply  an  elliptic  integral  of  the  second  kind  where  the  need  for  m  <  1  is  valid 
for  all  values  of  \| /.  Therefore,  the  elliptic  integral  series  solution  is 


t  =  l  +  e') 


i-S 


n= 1 


,  *= 1 


\2 


2k 


m 


2  n  -  1 


( 3.39 ) 


which  obviously  becomes  more  accurate  as  the  number  of  terms  increases  [17,18]. 

As  an  alternative  to  the  elliptic  integral  series  solution,  two  approximations  were 
developed  that  are  far  more  efficient  and  simpler  to  employ.  First,  the  numerical 


3-16 


integration  of  Eq.  (3.38)  produces  a  series  solution  that  converges  much  more  quickly  and 
requires  significantly  fewer  terms  to  maintain  a  certain  degree  of  accuracy.  Using  the 
following  function  declaration  for  the  integrand: 

1  A 

/(6)  =  [l  -  msin2  0]2,  m  =  (l  +  e*f  (3.40) 

the  definite  integral  is  then  evaluated  by  summing  the  areas  of  N  rectangles  such  that  the 
height  of  the  rectangle  is  the  sample  of/9)  and  width  is  the  corresponding  segmentation 
of  the  range  of  integration.  Mathematically,  this  series  solution  was  found  to  be  : 


which  requires  fewer  terms,  N,  to  be  as  precise  as  Eq.  (3.39)  and  does  not  require 
recursive  multiplication  making  this  solution  much  simpler  to  use. 

Another  approximation  for  the  electric  field  arc  length  is  a  curve-fitting  function 
which  produces  a  closed-form  solution.  In  the  parametric  domain,  the  arc  length  is  found 
as  a  function  of  \j t  by  solving  Eq.  (3.39)  at  various  intervals  and  performing  a  least 
squares  fit  to  an  exponentially  increasing  curve.  The  resulting  solution  was  found  to  be: 

£  =  zm(l  +  ae ^),  a  =  0.  27013,  b  =  2.  09158  ( 3.42 ) 

which  provides  a  much  simpler  evaluation  than  either  of  the  above  series  solutions. 

To  compare  the  precision  of  the  three  solutions,  a  complete  evaluation  of  the  arc 
length  was  first  obtained  for  a  set  of  V  values.  These  arc  lengths  were  found  by 
determining  the  converging  limit  of  Eq.  (3.39)  with  N  =  500  terms.  With  this  set  of  data, 
the  sum  of  the  square  of  differences  technique  was  performed  on  all  three  solutions  using 
significantly  fewer  terms  than  the  converging  limit.  The  precision  of  the  closed-form 
solution  of  Eq.  (3.42)  compares  to  that  of  the  numerical  integration  solution  of  Eq.  (3.41) 
using  N  =  6  terms  and  the  elliptic  integral  solution  of  Eq.  (3.39)  using  N  =  11  terms. 
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(3.4.3)  Fringing  Electric  Field  Intensity 


With  the  address  electrode  at  some  potential,  V,  and  the  mirror  grounded,  the 
electric  field  intensity  at  a  position,  x,  along  the  mirror  surface  becomes 

£(w)  =  — — ,  x(y)  =  -^-\\\r  +  l-ey]  +  ^  (3.43) 

which  parametrically  represents  the  electric  field  intensity  as  a  function  of  position  over 
half  the  mirror  width  (0  <  x  <  Vzwx)  where  wx  is  the  width  of  the  mirror  in  the  x  direction 
and  £(\ |f)  is  the  arc  length.  In  order  to  maintain  the  precision  of  the  fringing  effects,  the  arc 
length  was  evaluated  as  the  converging  limit  of  the  numerical  integration  series  solution 
given  in  Eq.  (3.41)  using  N  =  100  terms.  This  parametric  function  is  shown  in  Fig.  3-7(a) 
which  depicts  the  normalized  electric  field  intensity  along  the  x  axis: 


(a)  Along  One  Dimension  (x)  (b)  Along  Two  Dimensions  (x,y) 

Figure  3-7.  Electric  field  intensity  as  a  function  of  position  along  the  mirror  surface. 


It  should  be  noted  that  this  is  the  solution  in  one  dimension.  The  superposition  of  this 
solution  in  the  x  and  y  dimension  will  produce  a  surface  curve  shown  in  Fig.  3 -7(b)  in 
which  the  solution  shown  in  Fig  3-7(a)  does  not  directly  correspond  to  the  cross  section 
of  the  surface  along  the  x  axis.  The  minimum  electric  field  intensity  in  one  dimension 
corresponds  to  that  of  the  comer  of  the  device  in  two  dimensions. 
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To  project  this  solution  into  the  y  domain  as  well,  a  method  of  algebraic  averaging 
was  used  such  that  the  net  electric  field  intensity  at  some  position  along  the  surface  of  the 
mirror  is  the  average  of  that  given  by  the  x  and  y  coordinates: 


EiD^xWy)=\  [%  ,  )  +  , )] 


( 3.44 ) 


where  the  x  and  y  coordinates  are  evaluated  as: 

*(¥,)  =  f£[v»  +  1  -  «'’■]  +  y.  y(V,)  =  ^[v,  +  1  -  «’’]  +  y  (3'45) 

Figure  3-7 (Jo)  represents  the  normalized  magnitude  of  the  electric  field  along  the  surface 
of  the  mirror  as  a  function  of  x  and  y  over  one  quarter  of  the  mirror  surface.  At  the  center 
of  the  mirror,  no  fringing  effects  exist  and  the  ideal  uniform  electric  field  is  shown.  At 
the  edges,  however,  the  fringing  effects  are  quite  significant.  At  the  comers  of  the  mirror 
and  address  electrode,  the  electric  field  intensity  is  reduced  to  78.7%  of  the  ideal 
magnitude  which  corresponds  to  the  intensity  shown  in  Fig.  3 -7(a).  The  solution  in  one 
dimension  is  the  cross  section  along  the  diagonal  of  the  solution  in  two  dimensions. 

To  determine  the  total  electrostatic  force  acting  on  the  mirror  in  the  downward 
direction,  as  given  in  Eq.  (3.27),  the  square  of  the  electric  field  intensity  in  Eq.  (3.44) 
must  be  numerically  integrated  across  the  mirror  surface  using  the  flux  parameter,  \|/.  It  is 
obvious  that  the  total  force  will  be  less  than  the  ideal  force  calculated  using  an  ideal 
uniform  electric  field.  The  total  electrostatic  force  acting  on  the  mirror  is 


(v*.V,)]2  <fydx  =  ?*-]][E(vx)  +  E(vy)f  dydx 

Z  ^  o  0 

2  2 


^  Je5(i|0  dx  +  2jj£(v,)e(v,)  dy  <fa+-^jE2(v,)  dy 


0  0 


(3.46) 


Each  of  these  integrals  must  be  numerically  integrated  individually  due  to  their  distinct 
integrands.  In  order  to  do  so,  the  corresponding  parameter,  \|/»  is  divided  into  N  segments 
which  are  used  to  evaluate  discrete  samples  of  the  electric  field  intensity  and  position. 
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The  definite  integral  is  evaluated  as  the  sum  of  the  area  of  rectangles  formed  in  this 
process.  For  example,  the  following  integral  is  numerically  integrated  such  that 

^  i  N 

JfifvJdx-  -,))(£(¥, )  +  £(¥,-,))]  0.47) 

0  Zi=  1 

where  the  height  of  the  rectangle  is  defined  as  the  average  of  the  values  of  the  electric 
field  intensity  at  each  side  of  the  rectangle.  The  remaining  integrals  are  evaluated  using 
the  converging  limit  of  the  series  solution  generated  by  this  technique. 

The  range  of  parameter  values  must  be  chosen  to  correspond  to  the  range  of 
integration  over  position.  In  order  to  do  so,  a  relationship  must  be  developed  between  the 
index  parameter,  \| r,  and  the  center  of  the  mirror,  x  =  0.  Moving  away  from  the  edges  of 
the  device,  the  index  parameter  becomes  increasingly  negative.  Therefore,  Eq.  (3.45)  can 
be  reduced  and  solved  for  the  index  parameter  at  the  center  of  the  device,  \)t0,  such  that 

x  =  °  =  ^[\|;0+1]  +  ^,  +  1  (3.48) 

2n  2  Lz*  J 

The  index  parameter  at  y  =  0  is  determined  using  the  same  technique.  Since  it  is  known 
that  the  value  of  the  index  parameter  at  the  edge  of  the  device  is  zero,  the  resulting  range 
in  the  index  parameter  can  be  used  to  describe  the  desired  range  of  integration  with 
respect  to  position  over  the  surface  of  the  mirror. 

The  parametric  numerical  integration  was  performed  for  numerous  values  of 
device  dimensions,  wx  and  wy,  and  mirror  separation  distance,  zm,  such  that  an  analytic 
equivalent  of  this  approach  could  be  determined.  It  was  found  that  the  fringing  losses  are 
best  described  as  a  fractional  loss  in  the  ideal  force  of  a  capacitor: 

0  <  AfFL  <  1  ( 3.49 ) 

Figure  3-8  is  a  plot  of  this  approximation  function  together  with  the  numerical  integration 
results.  It  is  obvious  that  as  the  mirror  area  increases,  the  effects  of  fringing  decrease,  but 
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4,  2K  +  Wy) 
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smaller  devices  are  more  affected  by  such  losses  to  the  extent  that  the  ideal  parallel  plate 
capacitor  solution  can  not  be  used.  The  devices  fabricated  in  this  thesis  have  a  mirror 
separation  distance,  zm,  of  approximately  2.5  pm  when  no  address  potential  is  applied. 
As  shown  in  Fig.  3-8,  the  loss  due  to  fringing  becomes  a  function  of  mirror  surface  area. 


Figure  3-8.  Plot  of  fringing  loss  approximation  function  with  respect  to  mirror  area. 

Since  the  full  range  of  motion  of  the  micromirror  device  is  much  smaller  than  the 
separation  distance,  the  area  of  the  mirror  will  have  the  greatest  impact  on  the  loss  due  to 
fringing  effects.  This  analysis  is  valid  for  devices  positioned  within  an  array  of  similar 
devices  such  that  the  extended  fringing  shown  in  Fig.  3-6  does  not  exist.  Devices 
standing  alone  are  expected  to  have  approximately  65%  more  loss  due  to  additional 
fringing  electric  field  lines.  It  should  be  noted  that  Eq.  (3.49)  is  valid  for  other  device 
geometries  such  that  the  quantity  in  brackets  is  the  ratio  of  the  length  of  the  perimeter  to 
the  area  of  the  mirror.  The  total  electrostatic  force  on  the  mirror  is  evaluated  by  reducing 
the  ideal  force  given  in  Eq.  (3.14)  by  the  percentage  loss  in  force  given  in  Eq.  (3.49). 
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If  etch  holes  must  be  added  to  larger  devices,  the  reduction  in  mirror  area  can  also 
be  represented  as  a  fractional  loss  in  the  ideal  force.  This  fractional  loss  is  determined  by 
the  ratio  of  etch  hole  area  to  the  total  area  of  the  mirror  without  etch  holes: 


4/ew  ~ 


'-EH 


W  W  , 
v  x  y  J 


0  <  A fEH  <  1 


( 3.50 ) 


where  Am  is  the  total  area  lost  in  the  mirror  surface  due  to  etch  holes. 


The  fractional  loss  in  the  ideal  electrostatic  force  due  to  fringing  loss  and  etch 
holes,  A fFL  and  A fEH  respectively,  can  be  summed  to  produce  a  net  loss  in  force,  A/.  The 
net  electrostatic  force  acting  on  the  mirror  in  the  downward  direction  becomes 

\2 

T  7  \ 


F  =  — 
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[1  -  V]  JJ 


Zm(x,y ) 


dxdy 


(3.51) 


where  zm(x,y)  represents  the  separation  distance  between  the  electrode  and  mirror  at  any 
position  within  the  device  and  will  not  be  uniform  due  to  mirror  surface  deformations. 


(3.5)  Cross-Talk  Interference 

Another  characteristic  of  the  electric  field  within  a  device  is  the  interference 
produced  by  the  electric  field  lines  of  neighboring  devices.  This  could  alter  the 
electrostatic  force  on  the  mirror  in  two  ways.  First,  the  fringing  field  lines  of  one  device 
can  be  distorted  by  partially  conforming  to  those  of  another  which  would  change  the 
amount  of  fringing  losses  as  calculated  above.  However,  since  the  flexures  and  support 
posts  between  each  device  are  grounded  with  the  mirrors  and  a  gap  exists  between  these 
geometric  features,  the  electric  field  fringing  loss  at  the  edge  of  an  individual  mirror  is 
still  dominated  by  the  fringing  effects  within  the  device  itself. 

The  second  cross-talk  effect  would  be  the  added  force  on  the  mirror  supplied 
along  additional  field  lines  emanating  from  the  electrode  of  a  neighboring  device.  This 
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interference  is  only  present  when  the  primary  device  is  not  actuated  since  the  creation  of 
an  much  stronger  electric  field  within  the  primary  device  would  prevent  the  interference 
field.  As  shown  in  Fig.  3-9,  the  mirror  of  a  primary  device  experiences  a  small  force 
along  the  electric  field  lines  from  the  first  of  four  neighboring  device  that  are  actuated: 


Figure  3-9.  Cross-talk  electric  field  lines  of  neighboring  micromirror  devices. 


If  the  address  potential  of  the  primary  device,  Vp,  is  approximately  zero,  the  net  cross-talk 
force  supplied  along  the  electric  field  lines  is  simply  the  integral  of  the  linear  force 
distribution  along  the  surface  of  the  mirror.  This  distribution  is  determined  by  the 
address  potential  of  the  neighboring  device,  V;,  the  length  of  each  electric  field  line,  L, 
and  the  angle  of  the  force  vector,  0.  The  length  of  the  electric  field  lines  is  given  by 

L(x)  =  J(Ax2  +  g)  =  J^x  +  x,+  +  z20  (  3.52) 

where  xs  is  the  separation  distance  between  each  device  as  shown  in  Fig.  3-9  which  also 
shows  Ax  as  the  horizontal  distance  between  the  neighboring  address  electrode  and  any 
point  along  the  surface  of  the  primary  mirror.  The  linear  force  distribution  is  found  to  be 


cos(6)  =  =*■ 


Wy  Zo 

[L(x)f 


( 3.53 ) 


which  is  not  a  function  of  position  in  the  y  direction.  Since  this  distribution  is  not 


symmetric  about  the  center  of  the  device,  the  side  of  the  mirror  nearest  the  neighboring 
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device  will  experience  a  greater  force  than  the  opposite  side  of  the  mirror.  In  order  to 
determine  the  amount  of  force  at  both  ends  of  the  device,  the  centroid  position,  and 
the  total  force  due  to  cross-talk,  Fj,  must  be  found  and  are  defined  as  [17] 


and 


e0  v;2 

2  zn 


^min-^max 


£  (L max  ~  Lmin  )  +  (x,  +  ^)[*  Aa*  -  (*,  +  W,  )L ^  _ 

(xs+wx)Lmin-xsL!mx 


(3.54) 


( 3.55 ) 


where  Lmin  and  Lmax  are  the  minimum  and  maximum  arc  lengths  respectively  given  as 


Ata  =  A"  +  £  .  Lmax  =  >/U  +  Wxf  +  4  (  ^  ) 

It  is  important  to  note  that  the  centroid  position,  xv  is  not  a  function  of  address  potential 
of  the  neighboring  device,  V}.  Figure  3-10  illustrates  the  linear  force  distribution  of  the 
cross-talk  interference  and  illustrates  the  total  force  at  the  centroid  position: 
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Figure  3-10.  Cross  talk  linear  force  distribution  along  primary  micromirror  device. 


In  one  dimension,  as  shown  in  Fig.  3-10,  the  resulting  force  observed  by  the  flexures 
supporting  each  end  of  the  device,  F a  and  Fb,  determines  the  deflection  at  each  end  which 
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will  not  be  equal.  The  end  of  the  device  nearest  the  actuated  neighbor  will  deflect  more 
than  the  opposite  end.  The  force  at  each  flexure  is  proportional  to  F}  such  that 
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where 

ax=Y+X"  =y-*i  ( 3-58 ) 

These  forces  are  related  to  the  deflection  at  each  end  by  the  spring  constant  of  the  flexure. 

Expanding  this  analysis  into  two  dimensions,  it  is  known  that  the  y  centroid  falls 
on  the  x  axis  due  to  the  device  symmetry.  The  total  force  due  to  cross  talk  from  the  first 
device,  F},  is  localized  at  (x,y)  -  (x,,0)  and  produces  a  net  downward  force  at  each  of 
the  four  comers  of  the  device.  For  a  square  device,  the  other  three  neighbors  produce 
similar  forces  located  at  the  same  position,  given  in  Eq.  (3.55),  relative  to  each  mirror: 


(a)  Adjacent  Micromirror  Devices 


(b)  Tilting  Of  Mirror  Surface 


Figure  3-11.  Cross-talk  interference  of  adjacent  devices  and  resulting  mirror  surface  tilt. 


The  centroid  positions  of  all  four  neighbors  are  shown  in  Fig.  3-1 1(a)  as  circles  numbered 
according  to  the  corresponding  device.  The  total  force  due  to  cross  talk,  FCT,  is  centered 
at  the  final  centroid  position,  ( xCT,yCT ),  which  is  determined  by  the  forces  of  the 
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surrounding  devices.  Figure  3-1 1(b)  illustrates  the  final  effect  of  cross  talk  which  shows 
the  uneven  tilting  of  the  mirror  in  response  to  the  location  of  the  final  centroid.  In  this 
example,  the  first  and  fourth  devices  are  actuated  more  than  the  second  and  third  devices 
which  determines  the  position  of  the  centroid.  Since  the  spring  constants  of  the  flexures 
are  the  same,  the  mirror  will  tilt  toward  point  D  as  shown  in  Fig.  3-1 1(b). 

To  determine  the  position  of  the  final  centroid  and  the  total  cross  talk  force,  the 
forces  and  centroids  of  all  four  neighbors  are  found  using  Eqs.  (3.54)  and  (3.55) 
respectively.  The  centroid  coordinates  and  total  force  are  then  given  as 
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VCT 


=  )'cr=Tr-X^F»’ 


yCT  =  ~2^y»Pn .  FCT  =  EF» 


(3.59) 

A  CT  n  =  1  ACT  n  =  l  n  =  1 

where  n  is  the  index  of  the  neighboring  devices.  Similar  to  the  analysis  in  one  dimension 
given  in  Eq.  (3.57),  the  force  observed  at  each  comer  of  the  device  is  proportional  to  the 
total  force,  FCT,  as  a  function  of  position  relative  to  the  centroid,  (xCT,yCT).  Since  the 

flexures  are  only  attached  at  the  comers  of  the  square  micromirror  device,  the  function 
that  describes  the  force  observed  by  a  given  flexure,  Ff,  can  be  described  with  normalized 
position  coordinates,  (x,y),  such  that 


FF(x,y)  =  FCT 
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where  x  =  ±y  =  ±  1  corresponding  to  the  particular  comer  of  the  mirror  where  the  flexure 
is  attached.  For  instance,  the  force  at  comer  A  is  found  to  be 


(y 


■+yy^ 


w„ 
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Fa  =  Ff(-1,+1)  =  Ft 


CT 


-  x 


V' 


v  j 


•+ 


V  J 


(3.61) 


which  is  directly  proportional  to  the  deflection  of  the  mirror  at  this  comer,  dA,  such  that 

K=\*  (3'62) 

kA 

where  kA  is  the  spring  constant  of  a  single  flexure  which  is  equal  to  the  total  spring 
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constant  of  the  micromirror,  k,  divided  by  the  number  of  flexures.  Using  the  same 
approach,  the  forces  and  deflections  of  comers  B,  C,  and  D  can  be  found  which  describes 
the  total  deflection  behavior  of  the  surface  of  the  mirror  as  shown  in  Fig.  3-1 1(b). 

The  deflection  of  the  mirror  due  to  cross  talk  is  a  function  of  position  across  the 
mirror  surface  and  can  be  obtained  by  developing  an  equation  of  the  plane  formed  by 
joining  the  four  comers.  The  function  A zCT  represents  this  deflection  and  was  found  to  be 


A zCT(x,y)  =  iDsum  +  ±Dx  +\Dy 

\  x  J  \  y  J  \  *  > 


(  3.63 ) 


where  the  deflection  coefficients  are  given  as 


D  —  d  .  dn  (lr<  "I"  dr,. 

sum  A  B  C  D  ’ 


Dx  —  dB  +  dc  dA  dD, 


Dy  —  dA  +  dB  dc  dD ,  —  dB  +  dD  dA  d (3.64) 

where  dB,  dc,  and  dD  are  the  deflections  at  comers  B,  C,  and  D  respectively.  As  given  in 
Eq.  (3.53),  the  significance  of  the  cross-talk  deflection,  A zcr,  increases  as  the  distance 
between  devices,  xs,  decreases.  Therefore,  arrays  containing  micromirror  devices  in  close 
proximity  to  each  other  may  be  significantly  affected  by  neighboring  devices. 


(3.6)  Flexure  Springs 


The  flexures  are  modeled  as  simple  springs  in  which  the  restoring  force  in  the 
upward  direction  is  linearly  related  to  the  vertical  deflection  of  the  mirror  by  a  spring 
constant  that  can  be  determined  from  the  geometry  and  material  properties  of  the  hinges. 
Furthermore,  the  mirror  and  flexures  of  the  device  comprise  an  undamped  harmonic 
oscillator  when  the  device  is  actuated  with  a  periodic  voltage  at  low  frequencies.  As  a 
result,  the  restoring  force  of  the  flexures  is  not  only  a  function  of  geometry  and  material 
properties,  but  also  of  temperature  and  driving  frequency.  At  higher  frequencies, 
however,  squeeze  film  damping  may  become  increasingly  significant  as  the  mirror  must 
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force  air  out  of  the  volume  of  the  device  during  operation.  In  an  operational  package  of 
FBMD  arrays,  a  hermetic  seal  would  eliminate  this  damping  as  well  as  prevent  particulate 
matter  contamination. 

To  analyze  the  behavior  of  the  flexures,  another  beam  is  rigidly  supported  on  one 
end  and  free-floating  on  the  other.  A  force,  F,  acts  downward  at  the  end  of  the  beam  at 
which  point  the  maximum  deflection,  d,  from  the  horizontal  is  given  as  [19] 


d  =  — ,  I  =  -«f  (3.65) 

3  El  3 

where  L,  w,  t,  and  E  are  the  length,  width,  thickness,  and  modulus  of  elasticity  for  the 
beam,  respectively.  Solving  for  the  constant  relation  between  force  and  deflection  yields 


Ewt3 

~ir 


( 3.66 ) 


which  describes  the  cross-sectional  spring  constant.  There  is  also  a  stress  term  that  can 
be  added  to  form  the  complete  spring  constant  for  each  flexure  as 

ft,  =  0(1  ~  V)M  (3.67) 

1  2  L 

where  a  and  v  are  the  stress  and  Poisson  ratio  of  the  flexure  material,  respectively  [4]. 
Since  four  flexures  are  used  to  support  the  electrostatic  force  of  the  device,  the  net  spring 
constant  for  the  entire  device  becomes 


k  = 


4UCS  +  *,)  =  4 


a(l  -  v)wt 
2 L 


( 3.68 ) 


which  is  a  function  of  temperature  since  the  thermal  expansion  of  the  flexures  will  alter 
the  geometry  used  to  evaluate  this  constant.  It  should  be  noted  that  the  modulus  of 
elasticity  for  thin  films  of  a  material  is  much  smaller  than  that  of  the  bulk  material.  As  a 
result,  the  elasticity  of  the  flexures  of  the  micromirror  devices  must  be  determined  in 
order  to  obtain  a  valid  spring  constant.  The  commercial  foundry  which  fabricates  the 
micromirror  devices  in  this  thesis  provides  this  information. 
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(3.6.1)  Frequency  Response 


Since  the  mirror  is  a  harmonic  oscillator,  the  spring  constant  directly  determines 
the  resonant  frequency  of  the  mirror  given  its  mass.  The  time  response  of  any  harmonic 
oscillator  can  be  found  by  solving  a  differential  equation  relating  Newton's  second  law 
and  Hooke's  law  to  a  sinusoidal  driving  force.  The  solution  is  given  as  [20] 


where  z(t)  is  the  deflection  of  the  oscillator  in  time,  F0  and  0)  are  the  amplitude  and 
frequency  of  the  driving  force  respectively,  to0  is  the  resonant  frequency  of  the  oscillator, 
k  is  the  spring  constant  in  Eq.  (3.17),  and  M  is  the  combined  mass  of  the  mirror  as 
determined  from  the  densities  and  geometries  of  the  materials  comprising  it. 


Figure  3-12.  Frequency  response  of  peak  deflection  of  an  undamped  harmonic  oscillator. 

The  peak  deflection  of  the  oscillator,  zpeak,  is  a  function  of  frequency  such  that  the 
deflection  sharply  increases  as  the  driving  frequency  approaches  the  resonant  frequency 


of  the  oscillator.  This  function  is  the  peak  positive  deflection  of  Eq.  (3.69)  such  that 
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( 3.70 ) 


which  indicates  that  the  peak  deflection  approaches  infinity  as  the  frequency  approaches 
the  resonant  frequency  of  the  oscillator.  Figure  3-12  illustrates  this  behavior  which 
illustrates  the  behavior  of  the  device  close  to  the  resonant  frequency.  The  combined 
restoring  force  of  the  flexures  becomes 


Fs=[k-M(2nff)df  (3.71) 

where  df  is  the  vertical  deflection  of  the  mirror  at  the  flexures  and  /  is  the  driving 
frequency  of  the  micromirror  device  in  Hertz.  For  low  driving  frequencies  (w  «  (*)0),  the 
peak  deflection  reduces  to  the  static  deflection  given  by  Hooke's  Law. 


(3.7 )  Mirror  Surface  Deformation 


Another  major  factor  in  the  behavior  of  the  device  is  the  inclusion  of  surface 
deformations  during  the  actuation  of  the  device.  The  surface  deformation  of  the  mirror  is 
compared  to  the  deformation  of  a  rigid  beam  supported  on  each  end  by  ball  supports  such 
that  the  free-floating  flexures  allow  the  edges  of  the  mirror  to  angle  upwards  as  the  center 
of  the  mirror  deflects  downward.  The  maximum  deflection,  8,  of  the  beam  under  a 
uniform  force  per  unit  length,  q,  is  at  the  beam  center  and  is  given  by 
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( 3.72 ) 


where  L,  w,  t,  and  E  are  the  length,  width,  thickness,  and  modulus  of  elasticity  of  the 
beam,  respectively  [19]. 

Although  the  edges  of  the  beam  are  allowed  to  angle  upward,  the  angles  produced 
by  very  small  deflections  at  the  center  of  the  beam  compared  to  its  length,  5  «  L,  are 
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negligible  and  are  assumed  to  be  zero.  Therefore,  the  deformation  of  the  mirror  can  be 
modeled  as  a  beam  rigidly  supported  at  the  ends.  Figure  3- 13(a)  represents  the  deflection 
of  this  rigid  beam  due  to  some  uniform  force  per  unit  length,  q,  across  the  top. 


(a)  Beam  Deformation  (b)  Mirror  Surface  Deformation 

Figure  3-13.  Use  of  beam  deflection  analysis  to  represent  mirror  surface  deformation. 


For  small  deflections,  this  deformation  as  a  function  of  position  can  be  modeled  as  one 
period  of  a  cosine  wave  having  an  amplitude  equal  to  half  the  maximum  deflection  at  the 
center  of  the  beam,  8.  For  a  micromirror  device  of  area  A,  the  maximum  surface 
deformation  including  an  initial  deformation  due  to  gravity  reduces  to 
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where  M  is  the  combined  mass  of  the  mirror  and  g  is  the  acceleration  constant  due  to 
gravity.  Although  the  weight  of  the  hinges  adds  to  the  deflection  due  to  gravity,  the 
weight  of  the  mirror  is  significantly  larger. 

The  surface  deformation  function  is  first  developed  for  a  micromirror  device  in 
which  the  flexures  are  attached  at  the  comers.  The  deformation  of  such  a  mirror  is 
illustrated  in  Fig.  3-13(b)  in  which  the  comers  of  the  mirror  are  rigidly  supported  by  the 
flexures  of  the  device.  In  one  dimension,  the  surface  deformation  can  be  derived  to 


describe  the  mirror  along  one  of  the  outer  edges.  Therefore,  this  deformation  can  be 
represented  including  the  above  beam  analysis  such  that 

.  .  sf".  f  270^  . .  _ . . 

zjx)  =  zf--  1  +  cos  -  (3.74) 
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where  Zf  is  the  vertical  position  of  the  flexures  at  the  comers  of  the  mirror.  Expanding 
this  into  two  dimensions,  the  deformation  as  a  function  of  x  and  y  becomes: 


zm(x,y)  =  zf-AzSD(x,y)  =  zf-8  1  +  -  cos  -  +cos 


(3.75) 


where  A zSD(x,y)  represents  the  change  in  height  across  the  surface  due  to  deformations. 
Figure  3-13(b)  shows  a  surface  plot  of  this  function  which  depicts  the  maximum 
deflection  along  the  surface  (zh  -  25)  to  be  at  the  center  of  the  mirror  ( x  =  y  =  0 ). 

For  micromirror  devices  with  the  flexures  attached  at  some  point  along  the  edge 
of  the  mirror,  the  solution  in  Eq.  (3.75)  is  simply  rotated  and  scaled  down  to  fit  within  the 
dimensions  of  the  mirror.  The  rotated  coordinates  of  the  solution  are  found  to  be 


x1  =  sx  |x  cos(0  * )  -  y  sin^ )  j ,  y'  =  ^[xsin^J-ycos^)]  (3.76) 

where  the  scale  factors,  sx  and  sy,  are  given  as 

9 

where  Lx  and  Ly  are  the  distances  between  the  comers  of  the  mirror  and  the  position  at 
which  the  flexures  are  attached  and  the  rotation  angles,  Ox  and  0^,  are  given  as 


0,.  =  ArcTan 


Qy  =  ArcTan 


( 3.78 ) 


The  scale  factors  are  to  reduce  the  mapped  solution  so  that  the  positions  of  zero 
deflection  occur  within  the  geometry  of  the  device.  If  a  square  is  rotated  some  small 
angle  to  one  direction,  the  new  position  of  the  comer  of  the  square  is  outside  the 
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perimeter  of  the  original  square.  Therefore,  the  rotated  solution  must  be  scaled  so  that 
some  position  along  the  surface  of  the  mirror  is  described  as  having  no  deformation. 
Figure  3-14  illustrates  the  result  of  this  transformation. 


(a)  Flexures  Attached  at  Comers  (b)  Flexures  Attached  Along  Sides 

Figure  3-14.  Plot  of  surface  deformation  function  for  FBMD  with  two  flexure  locations. 


The  surface  of  the  mirror  where  the  flexures  are  attached  has  no  deformation  and  is 
shown  as  white.  The  deeper  deformations  are  shown  darker  relative  to  the  degree  of 
depth.  The  rotated  coordinates  given  in  Eq.  (3.76)  are  used  in  Eq.  (3.75)  to  produce  the 
contour  plot  shown  in  Fig.  3- 14(b)  in  which  the  original  solution  is  shown  within  the 
dashed  lines.  This  contour  illustrates  the  effects  of  deformations  at  the  comers  of  the 
mirror  which  are  free  to  deform  without  rigid  support  by  the  flexures.  In  both  solutions, 
the  peak  deformation  is  given  as  Zf  -28  although  the  peak  deformation  of  the  rotated 
solution  will  be  slightly  less  than  the  original  solution  shown  in  Fig.  3-14(a)  since  the 
center  of  the  mirror  is  much  closer  to  the  flexures.  In  this  situation,  the  deflection 
coefficient,  8,  must  be  reduced  so  that  the  peak  deflection  is  also  reduced.  The  surface 
deformation  of  any  rectangular  Flexure-Beam  micromirror  device  can  be  represented  with 
this  solution. 


(3.8)  Temperature  Dependence 


The  temperature  effects  are  analyzed  by  considering  the  coefficients  of  thermal 
expansion  for  the  materials  comprising  the  hinges  and  mirrors.  The  length,  width  and 
thickness  of  the  device  components  will  increase  with  temperature  which  alters  such 
factors  as  the  spring  constant  of  the  flexures  or  the  total  electrostatic  force  on  the  mirror. 
Consider  the  length  of  the  flexures  as  a  function  of  temperature,  T,  in  which 

L  =  t0[\  +  a(T  -  Ta)]  (3.79) 

where  t0  is  any  length  at  temperature  T0  and  a  is  the  coefficient  of  thermal  expansion  for 
the  flexure  material  [14].  The  temperature  dependence  of  the  entire  device  can  then  be 
predicted  by  applying  this  analysis  to  all  dimensions  of  length  in  the  final  model. 

(3.9)  Flexure-Beam  Characteristic  Model 

To  develop  the  overall  characteristic  model  for  the  device,  the  electrostatic  force 
given  in  Eq.  (3.51)  is  set  equal  to  the  spring  force  in  Eq.  (3.71)  such  that 

F  =  [t-M(2n/)1p/=|[l-A/F1]  1^-jL-jdxdy  (3.80) 

Solving  for  V  while  incorporating  mirror  surface  deformation  yields 
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Recognizing  that  8  is  a  function  of  address  potential  V,  this  creates  a  circular  reference 
when  calculating  the  voltage  required  to  deflect  the  device  a  desired  distance.  Therefore, 
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the  spring  force  is  used  to  replace  the  electrostatic  force  given  in  this  equation  since  these 
forces  are  ideally  equal.  The  temperature  effects  then  can  be  added  such  that: 


2[k0-M(2nf)2](d-Az(x,y)) 
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( 3.83 ) 

(3.84) 


A  z(x, y)  =  A  zCT (x, y)  +  A  zSD (x,y)  ( 3.85  ) 

and  where  aF  and  aM  are  the  coefficients  of  linear  expansion  for  the  flexures  and  mirror 
respectively,  d  is  the  desired  deflection  distance  at  some  location  (x,y)  along  the  surface 
of  the  mirror,  and  z0  is  the  height  of  the  hinges  when  no  voltage  is  applied.  This  model  is 
valid  as  long  the  desired  deflection  distance  of  the  mirror  is  greater  than  the  surface 
deformation  due  to  gravity  at  that  point.  In  this  case,  a  complex  voltage  will  be  evaluated 
since  it  would  require  a  repulsive  force  to  achieve  the  desired  deflection  and  the 
electrostatic  force  is  not  capable  of  doing  so. 
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(IV)  Experimental  Setup  and  Procedure 


The  micromirror  devices  studied  in  this  thesis  were  designed  in  the  Very  Large 
Scale  Integration  (VLSI)  Laboratory  at  AFIT  using  the  Cadence  layout  editor  [21].  The 
layout  files  were  sent  to  a  commercial  foundry  which  returned  the  completed  dice  packed 
in  a  photoresist  for  shipping.  After  releasing,  packaging,  and  wire  bonding  these  dice  at 
AFIT,  the  micromirror  test  structures  were  characterized  using  the  microscope-based 
laser  interferometer  mentioned  in  Chapter  (I).  This  chapter  describes  the  fabrication 
process,  design  considerations,  additional  micromirror  designs,  test  equipment, 
experimental  procedures,  and  software  analysis  used  in  this  thesis. 

(4.1)  Fabrication 

The  micromirror  devices  studied  in  this  thesis  were  fabricated  by  the 
Microelectronics  Corporation  of  North  Carolina  (MCNC)  using  the  ARPA-sponsored 
Multi-User  Mems  Process  (MUMPS)  fabrication  service.  This  is  a  three-layer 
polysilicon  process  which  uses  silicon  dioxide  as  the  sacrificial  material  and  an  initial 
layer  of  silicon  nitride  for  substrate  isolation.  The  first  polysilicon  layer,  Poly-0,  is  non- 
releasable  and  is  used  for  address  electrodes  and  local  wiring  while  the  second  and  third 
layers,  Poly-1  and  Poly-2  respectively,  can  be  released  to  form  mechanical  devices. 

The  MUMPS  process  allows  metal  to  be  deposited  only  on  the  top  of  Poly-2.  The 
metal  is  the  last  deposited  layer  of  the  fabrication  process  since  it  is  non-refractory  and 
the  polysilicon  layers  are  annealed  at  1100°C  to  reduce  stress.  In  the  past,  MCNC  has 
experimented  with  various  metals  in  this  process.  In  the  most  recent  fabrication  run, 
MUMPS6,  gold  (with  a  thin  adhesion  layer  of  chromium)  was  used  to  reduce  corrosive 
damage  to  reflective  surfaces  and  to  allow  for  easy  and  reliable  wire  bonding. 
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The  MUMPS  fabrication  process  is  well  defined  and  uses  several  structural  and 
sacrificial  layers,  each  having  a  very  specific  target  thickness  that  is  distinct  to  each  layer. 
Although  each  fabrication  run  produces  actual  dimensions  which  may  vary  slightly  from 
those  shown  below,  each  layer  remains  the  same  relative  thickness  in  proportion  to  the 
other  layers.  Figure  4-1  illustrates  the  various  layers  of  the  MUMPS  fabrication  process 
in  order  of  deposition  with  their  corresponding  target  thicknesses. 


Figure  4-1.  Proportional  cross-section  of  MUMPS  layers  with  each  target  thickness. 


Due  to  the  deposition  of  these  layers,  the  foundry  provides  several  design  rules  for  the 
layout  of  MEMs  devices  such  as  a  minimum  spacing  of  2  pm  between  Poly-2  structures. 
Although  the  suggested  rules  for  a  variety  of  layers  and  combinations  thereof  may  vary,  it 
has  been  found  that  2  pm  satisfies  most  of  the  rules  such  as  the  margin  around  the  inside 
of  a  Poly-2  structure  in  which  gold  can  not  be  deposited.  Likewise,  the  flexure  width  of 
all  micromirror  devices  was  designed  to  be  2  pm  which  is  the  minimum  allowed. 
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The  fabrication  process  is  illustrated  using  a  simple  device  consisting  of  a  single 
metallized  mirror,  one  flexure,  and  one  support  post.  Note  that  this  design  does  not  use 
the  second  poly  silicon  layer,  Poly-1.  Figure  4-2(a)  shows  a  cross-section  of  this  design 
prior  to  metallization.  After  fabrication,  the  sacrificial  layers  must  be  etched  away  to 
release  the  mechanical  layers.  Figure  4-2(b)  shows  the  released  structure  after  the  metal 
has  been  deposited  and  the  sacrificial  material  has  been  removed. 


Anchor  Hole  Poly-2  Poly-2  Anchor  Gold 


(a)  Annealed  Micromirror  Device  (b)  Released  Micromirror  Device 

Figure  4-2.  Fabrication  process  of  a  basic  cantilever  micromirror  device. 

Designs  utilizing  Poly-1  have  the  second  polysilicon  layer  between  the  two  oxides.  This 
layer,  however,  is  much  thicker  than  Poly-2  and  cannot  be  used  to  support  metallized 
surfaces.  Therefore,  Poly-2  is  used  to  form  the  flexures  of  the  micromirror  devices  due  to 
its  greater  flexibility.  Other  micromechanical  devices  are  fabricated  with  this  same 
process  using  various  combinations  of  these  structural  and  sacrificial  layers. 

To  fabricate  micromechanical  devices,  certain  "negative"  layers  must  be  utilized 
to  form  the  necessary  support  for  the  structures.  The  MCNC  fabrication  process  uses  an 
Anchor  layer  which  actually  specifies  the  removal  of  a  material  rather  than  the  deposition 
of  another.  An  Anchor  cut  will  remove  all  the  oxide  spacer  beneath  it  so  that  the  next 
polysilicon  layer  deposited  will  be  attached  to  Poly-0.  Figure  4-2(a)  shows  a  cross 
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section  of  the  resulting  support  post  which  illustrates  the  effect  of  the  Anchor  cut. 
Likewise,  Poly- Via  cuts  exist  for  removing  portions  of  individual  oxide  layers. 

The  die  containing  the  unreleased  devices  are  delivered  from  MCNC  with  a 
protective  coating  of  photoresist  which  is  stripped  off  in  a  three  minute  acetone  bath.  The 
die  are  then  rinsed  in  deionized  water  for  two  minutes.  The  etch  that  releases  the 
micromirror  devices  is  a  two  minute  dip  in  concentrated  (49%)  hydrofluoric  acid.  The 
die  are  then  rinsed  for  five  minutes  in  gently  stirred  deionized  water.  After  the  rinse,  they 
are  soaked  for  five  minutes  in  2-propanol  and  baked  dry  in  a  150°F  oven  for  five  minutes. 
The  propanol  displaces  the  water  and  evaporates  when  the  die  are  removed  from  the 
rinse.  Propanol  also  has  a  lower  surface  tension  than  water  which  prevents  the  pull-down 
and  destruction  of  the  released  poly  silicon  structures. 

After  the  devices  are  released,  the  die  are  placed  in  standard  integrated  circuit 
packages  of  various  sizes  depending  on  the  number  of  bonding  pads  designed  on  a 
particular  die.  Once  the  die  are  glued  within  the  package  frame,  bond  wires  are  attached 
between  the  pads  on  the  die  and  the  wire  pads  located  around  the  frame  of  the  package 
which  are  connected  to  the  package  pins.  After  wire  bonding,  a  schematic  diagram  must 
be  generated  which  relates  each  pin  to  the  devices  connected  to  it.  Once  the  schematic 
diagram  is  completed,  the  micromechanical  devices  on  the  chip  are  ready  for  testing. 

The  mirrors  are  tested  on  a  probe  station  before  the  wire-bonded  structures  are 
tested  on  the  laser  table.  This  ensures  that  the  expected  range  of  address  potentials  will 
not  damage  the  packaged  devices  since  these  are  much  harder  to  replace.  The  mirrors  are 
tested  with  an  electrometer  rather  than  a  regular  power  supply.  This  allows  a  large  range 
of  drive  voltages  and  the  low  source  current  of  the  electrometer  prevents  the  mirror 
flexures  from  burning  out  if  the  mirror  is  pulled  into  contact  with  the  address  electrode. 
More  recent  mirror  designs  have  bumps  fabricated  in  the  mirror  to  prevent  such  contact 
when  the  mirror  is  fully  deflected. 


4-4 


(4.2)  Design  Considerations 


The  square  FBMD  micromirror  arrays  were  designed  to  be  individually  addressed 
in  order  to  test  a  wide  variety  of  device  behavior.  The  micromirrors  tested  contain  only 
eight  devices  arranged  in  a  2x4  array  due  to  extensive  routing  difficulties  incurred  using 
larger  arrays.  The  address  electrodes  are  limited  to  the  lowest  polysilicon  layer,  Poly-0, 
and  running  address  lines  to  the  micromirror  devices  inside  larger  arrays  requires  some  of 
the  area  that  would  otherwise  be  used  for  active  devices.  Eventually  too  much  area  would 
be  devoted  to  wiring  and  not  enough  would  remain  for  micromirror  devices. 

Another  design  consideration  is  the  effect  the  underlying  wires  have  on  the 
topology  of  the  upper  layers.  The  thin  films  used  in  the  MUMPS  process  conform  closely 
to  the  topology  of  the  layers  below  them. 


Device  Flexure 
(Poly-2) 


Address  Wire 

( Poly-0 ) 


Figure  4-3.  Conformal  effects  of  deposited  layers  on  surface  topology. 


The  uneven  topology  created  by  masking  Poly-0  address  wires  adversely  affects  the 
surface  uniformity  of  the  flexures  and  reflective  surfaces  of  the  micromirrors.  Figure  4-3 
illustrates  these  conformal  effects  using  a  portion  of  a  flexure  from  a  micromirror  device 
in  which  the  flexure  conforms  to  the  address  wire  that  is  routed  below  it.  Such  effects 
change  the  physical  properties  of  the  flexures  and  alter  the  behavior  of  the  device. 
Likewise,  an  uneven  topology  on  the  reflective  surface  of  the  device  due  to  conforming 
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layers  may  cause  adverse  effects  during  operation  or  complete  device  failure  in  which  the 
desired  response  is  not  observed  or  the  device  is  locked  in  a  stationary  position. 

To  maintain  uniform  operation  of  the  square  FBMD,  dummy  Poly-0  address  wires 
were  added  beneath  the  flexures  of  each  micromirror  device.  These  wires  are  identical  to 
the  actual  address  wire  connected  to  the  electrode.  This  is  to  ensure  that  all  four  flexures 
behave  exactly  the  same  since  they  all  posses  the  same  geometric  design  and  topology. 
Therefore,  the  device  should  maintain  its  phase-only  characteristic  since  the  identical 
flexures  will  exhibit  the  same  deflection  behavior  for  any  address  potential. 


Figure  4-4.  Overhead  view  of  square  FBMD  micromirror  design  as  seen  in  layout  editor. 

Each  Poly-2  flexure  crosses  an  underlying  Poly-0  wire  twice,  once  on  each  side  of  the 
micromirror  device.  The  dummy  wires  are  placed  in  exactly  the  same  location  relative  to 
the  original  wire  so  that  the  deformation  of  each  flexure  occurs  in  the  same  position  as  the 
others.  Figure  4-4  shows  the  square  FBMD,  as  observed  in  the  Cadence  layout  editor, 
which  illustrates  the  use  of  the  dummy  address  wires  for  flexure  uniformity  [21]. 

Each  of  the  support  posts  consists  of  a  layer  of  Poly-0  bonded  with  the  upper  layer 
of  Poly-2  via  the  Anchor  hole.  The  array  of  micromirrors  is  created  by  simply  joining 
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additional  devices  at  the  comers  such  that  adjacent  devices  share  the  support  posts 
between  them.  Once  joined,  the  Poly-2  support  posts,  flexures,  and  mirrors  are  all 
conductive  such  that  only  one  address  wire  must  be  attached  to  the  support  posts  to 
supply  the  ground  plane  for  the  entire  array. 

The  most  significant  design  consideration  was  to  make  the  flexures  long  enough 
to  keep  the  drive  voltage  reasonably  low.  Also,  since  the  flexures  and  mirrors  are  made 
from  the  same  polysilicon  layer,  another  consideration  was  to  minimize  the  layout  area 
required  for  the  flexures  so  the  reflective  surfaces  could  be  packed  closely  together. 
Thus,  a  tradeoff  exists  between  the  lower  drive  voltage  and  greater  optical  efficiency. 


Figure  4-5.  Experimental  array  of  square  Flexure-Beam  Micromirror  Devices. 


The  comers  of  the  square  FBMD  had  to  be  rounded  to  allow  for  the  maximum  density  of 
devices  and  support  posts.  This  design  successfully  achieves  the  desired  lower  address 
potential  while  maximizing  the  amount  of  reflective  surface  available  to  each 
micromirror  device.  When  packed  together,  the  devices  use  all  the  available  space 
allowed  by  the  design  rules  and  offer  large  reflective  surfaces.  The  micromirror  devices 
in  the  array  shown  in  Fig.  4-5  can  be  individually  addressed  along  the  outside  of  each 
device.  This  allows  for  experimental  measurements  of  cross-talk  effects  in  addition  to  the 


standard  deflection  and  deformation  observations.  Each  array  has  two  ground  electrodes 
attached  to  the  support  posts  at  each  end. 

The  size  of  the  square  FBMD  was  chosen  as  the  largest  that  could  be  reliably 
released  without  requiring  more  than  one  etch  hole  in  the  mirror  surface.  The  design 
rules  specify  that  the  release  etch  can  safely  remove  the  oxide  spacer  as  far  as  20-25  Jim 
within  a  device  without  damaging  the  structure.  Without  etch  holes,  however,  the  device 
would  require  a  longer  release  etch  which  may  stretch  the  margin  of  safety  for  the 
structure.  Additionally,  larger  mirrors  tend  to  deform  in  the  center  due  to  their  weight 
and  larger  separation  distance  between  support  posts.  To  maximize  the  optical  efficiency 
of  the  device,  the  widths  of  the  flexures  and  the  gaps  between  adjacent  flexures  are  2  (im 
which  is  the  smallest  dimension  allowed  by  the  design  rules. 

(4.3)  Additional  Micromirror  Designs 

Additional  square  and  hexagonal  FBMD  designs  were  fabricated  along  with  the 
initial  device  described  above.  Similar  devices  were  designed  with  a  combination  of 
geometric  variations  to  test  the  effect  of  geometry  on  device  behavior.  Arrays  of  square 
FBMDs  were  designed  which  contain  mirrors  of  varying  sizes  and  flexures  of  varying 
lengths.  The  size  of  the  mirror  determines  the  significance  of  such  effects  as  cross-talk, 
fringing  losses,  surface  deformations,  and  resonant  frequency.  Likewise,  the  length  of  the 
flexures  significantly  impacts  the  voltage  required  to  fully  deflect  the  device.  The  various 
device  geometries  offer  a  wide  range  of  experimental  data  for  the  analysis  of  FBMD 
behavior.  These  and  all  other  devices  are  presented  in  greater  detail  in  Chapter  (V)  along 
with  the  fabrication  results  of  each  micromirror  design. 

Other  devices  were  designed  for  the  purpose  of  gaining  a  better  understanding  of 
micromirror  devices  in  general.  Although  these  designs  are  not  the  focus  of  advanced 
modeling,  their  behavior  can  be  predicted  using  the  same  physical  principles.  Among  the 
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other  designs  were  numerous  styles  of  Cantilever  devices  as  well  as  a  new  style  of  Axial 
rotation  device  in  which  the  support  post  is  located  in  the  center  of  the  device. 

The  Cantilever  micromirror  devices,  shown  in  Fig.  4-6(a),  are  designed  to  bend 
along  one  flexure  supporting  the  mirror.  One  support  post  and  ground  wire  are  shared  by 
three  devices  which  can  be  actuated  independently. 


Flexure 


Support  Post 


Address 

Wires 


Mirror 


Etch  Hole 


(a)  Cantilever  Micromirror  Devices 


Address  Wires  '  Mirror 

(b)  Axial  Micromirror  Device 


Figure  4-6.  Overhead  view  of  two  styles  of  additional  micromirror  designs. 


These  devices  are  similar  to  those  reviewed  in  Chapter  (II)  in  which  the  operation  of  the 
Cantilever  device  is  described.  This  design  of  micromirror  devices  was  fabricated  with  a 
variety  of  flexure  and  mirror  sizes  to  again  test  the  effect  of  geometry  on  device  behavior. 

The  Axial  rotation  device,  shown  in  Fig.  4-6(b),  is  a  new  micromirror  design  in 
which  the  support  post  and  ground  electrode  are  located  at  the  center  of  the  device.  Each 
device  has  four  individually  actuated  address  electrodes  located  under  each  comer  of  the 
mirror.  This  allows  the  mirror  to  bend  toward  any  direction  along  the  surface  of  the 
substrate  by  applying  varying  potentials  to  each  of  the  address  electrodes  according  to  the 
desired  direction  and  amount  of  deflection.  If  the  same  potential  is  applied  to  all  four 
address  electrodes,  the  mirror  deflects  downward  in  the  same  manner  as  the  FBMD. 
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(4.4)  Experimental  Setup 


The  experimental  setup  is  shown  in  Fig.  4-7  in  which  a  microscope-based  laser 
interferometer  is  used  to  combine  a  fixed  reference  beam  with  the  object  beam  reflected 
from  the  micromirror  device  under  test.  An  incident  laser  beam  is  split  into  reference  and 
object  beams  and  each  is  allowed  to  travel  some  distance  before  they  are  joined  together 
at  an  aperture  creating  an  interference  pattern. 


Figure  4-7.  Experimental  setup  of  the  microscope-based  laser  interferometer. 


A  photo-detector  is  placed  behind  the  aperture  to  measure  the  relative  intensity  of  the 
interference  pattern  and  produce  a  current  linearly  proportional  to  the  pattern  intensity.  A 
neutral  density  filter  must  be  added  along  the  reference  beam  path  to  reduce  its  intensity 
since  some  of  the  object  beam  intensity  is  lost  when  reflected  from  the  microscope  optics 
and  micromirror  device  under  test.  The  reference  and  object  beams  must  be  maintained 
at  the  same  intensity  in  order  to  maximize  the  interference  signal  seen  by  the  detector. 

The  collimator  ia  required  to  expand  the  initial  laser  beam.  Basic  optics  theory 
suggests  that  the  diameter  of  a  beam  focused  by  a  lens  is  inversely  proportional  to  its 
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diameter  before  passing  through  the  lens.  Therefore,  as  the  collimated  beam  expands,  the 
lens  can  focus  the  object  beam  to  a  smaller  spot  size  on  the  device,  allowing  for  more 
precise  measurements  along  the  surface  of  the  mirror.  The  spot  size  is  less  than  4  pm  in 
diameter  and  the  translation  stage  can  move  in  the  (x,y)  plane  in  0.1  pm  increments  which 
allows  for  measurements  of  displacement  at  any  location  along  the  mirror  surface. 
Deformations  and  tilting  of  the  device  can  be  observed  by  comparing  the  behavior  at  one 
point  on  the  mirror  to  similar  measurements  taken  elsewhere  along  the  mirror  surface. 

The  schematic  diagrams  of  the  drive  signal  generator  and  output  transimpedance 
amplifier  of  the  laser  interferometer  are  shown  in  Figs.  4-8(a)  and  4-8(b),  respectively: 


(a)  Drive  Signal  Generator  (b)  Output  Transimpedance  Amplifier 

Figure  4-8.  Schematic  diagrams  of  the  input  and  output  signal  processors. 


The  drive  signal  generator  actuates  the  micromirror  device  and  the  output  transimpedance 
amplifier  converts  the  current  produced  by  the  photo-detector  to  a  relative  voltage.  Both 
signals  are  sent  to  an  oscilloscope  which  graphically  displays  them  as  the  input  and  output 
waveforms  of  the  device.  The  oscilloscope  is  connected  to  a  computer  via  a  GPIB  cable 
such  that  the  traces  can  be  captured  and  analyzed  using  customized  software. 

In  the  drive  signal  generator,  a  step-up  transformer  is  used  for  voltage 
amplification  because  many  devices  require  actuation  potentials  much  greater  than  can  be 
produced  by  a  standard  signal  generator  or  operation  amplifier  circuit.  At  low 
frequencies,  below  5  kHz,  the  transformer  exhibits  no  significant  hysteresis  or  saturation 
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that  would  otherwise  add  noise  to  an  ideal  sine  wave.  A  fuse  is  placed  in  the  line  of  the 
drive  signal  to  protect  the  devices  under  test.  In  the  event  that  a  mirror  is  pulled  into 
contact  with  the  address  electrode,  the  fuse  will  prevent  a  rush  of  current  that  would 
normally  destroy  the  device.  If  desired,  an  additional  DC  bias  can  be  added  to  shift  the 
drive  signal  further  above  the  standard  operating  range. 

The  capacitor  and  diode  form  a  voltage  shifter  in  which  a  DC  offset  is  added  to 
the  sine  wave  from  the  transformer  that  is  equal  to  the  peak  positive  voltage.  The  result  is 
a  shifted  sine  wave  which  varies  between  zero  and  some  new  maximum  voltage  equal  to 
the  peak-to-peak  voltage  of  the  original  signal  less  the  voltage  drop  of  the  diode,  VD. 


(a)  Negative  Input  Voltage  (b)  Positive  Input  Voltage  (c)  Input  and  Output  Signals 

Figure  4-9.  Two-stage  operation  and  signal  manipulation  of  the  input  voltage  shifter. 

When  the  input  signal  is  negative,  as  shown  in  Fig.  4-9(a),  the  diode  is  on  which  charges 
the  output  node  of  the  capacitor.  When  the  input  signal  switches  polarity,  as  shown  in 
Fig.  4-9(b),  the  diode  cuts  off  and  the  output  signal  is  shifted  by  the  residual  voltage  on 
the  output  node  of  the  capacitor.  The  charging  and  shifting  cycle  repeats  for  every  period 
of  the  input  signal.  This  design  was  verified  using  the  SPICE®  simulation  software 
package  [22]  in  which  this  circuit  produces  the  output  signal  shown  in  Fig.  4-9(c)  which 
swings  from  a  new  minimum  voltage,  -VD,  to  some  new  peak  voltage,  Vpp  -  VD.  The 
effect  of  the  diode  voltage  drop  is  actually  desirable  because  the  step-up  transformer 
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produces  a  slight  deformation  in  the  sine  wave  at  the  low  voltage  peak.  Therefore,  the 
voltage  margin  produced  by  VD  helps  eliminate  noise  from  the  positive  actuation  signal. 

The  transimpedance  amplifier  shown  in  Fig.  4-8(b)  uses  a  capacitor  to  reduce 
noise  in  the  signal  from  the  photo-detector.  This  circuit  is  a  single  time  constant  low-pass 
filter  in  which  the  resistor  and  capacitor  have  a  cutoff  frequency  of/c  =  48.2  kHz  for  the 
values  shown  [23].  Since  the  devices  are  actuated  at  very  low  frequencies,  f  «  fc,  the 
output  signal  is  amplified  while  the  noise  is  shorted  around  the  feedback  resistor. 

Along  the  path  of  the  object  beam,  the  path  length  increases  in  relation  to  the 
vertical  displacement  of  the  device  under  test.  Figure  4-10  illustrates  this  relationship. 


It  is  obvious  that  the  beam  must  travel  an  extended  distance  equal  to  twice  the  downward 
mirror  deflection,  d(x,y),  which  results  in  a  phase  change  of  the  reflected  plane  wave 
relative  to  the  reference  beam.  It  is  this  relative  phase  change  that  creates  the  interference 
pattern  whose  intensity  is  measured  by  the  detector. 

Using  a  periodic  drive  signal  and  knowing  the  exact  wavelength  of  the  laser  beam, 
a  continuous  sample  of  the  detector  output  signal  yields  an  accurate  measurement  of  the 
displacement  of  the  micromirror  surface.  Comparing  this  displacement  waveform  with 
the  input  signal  yields  the  response  characteristics  of  the  device  in  which  the  measured 
deflection  of  the  micromirror  is  plotted  against  its  corresponding  address  potential  [6]. 
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Shown  in  Fig.  4-11  is  the  modulated  phase  representation  of  the  combined 
reference  and  object  beams,  R  and  D  respectively.  The  resulting  interference  signal,  S , 
is  the  vector  sum  of  these  beams.  At  point  A,  the  beams  are  7t  radians  out  of  phase.  It  is 
at  this  point  that  the  signal  vector  is  minimized  and  the  minimum  intensity  is  observed  by 
the  detector.  Similarly,  at  point  B,  the  beams  are  exactly  in  phase  with  each  other.  At 
this  point,  the  signal  vector  is  maximized  and  the  maximum  intensity  is  observed. 


Figure  4-11.  Relative  phase  of  reference,  R,  and  object,  D,  beam  interference  [6]. 

The  intensity  of  the  interference  pattern  as  seen  by  the  detector  is  given  by: 

/  =  |^|2  =  \r  +  d\2  (4.1) 

Where  the  reference  and  object  beams,  R  and  D  respectively,  are  represented  as: 

R  =  xR,  D  =  xDcosQ  +  yDsinQ  (4.2) 

The  observed  intensity  as  a  function  of  phase  difference,  0,  is  then  found  to  be: 

I  =  |x(R  +  DcosG)  +  yDsinef  =  R2  +  2RDcos0  +  D2  ( 4-3  ) 

The  minimum  and  maximum  intensities  observed  by  the  detector,  Imin  and  Imax,  are  found 
by  evaluating  Eq.  (4.3)  with  0  =  n  and  0  =  0  radians,  respectively: 

ImiD=R2+2RDcosK  +  D2  =  R2-2RD  +  D2  (4.4) 

7max  =R2+2RDcosO  +  D2  =R2+2RD  +  D2  (4.5) 

These  intensities,  Imin  and  Imax,  are  measured  constants  of  the  experimental  system. 
Treating  them  as  such,  Eqs.  (4.4)  and  (4.5)  reduce  to  two  unknown  variables,  R  and  D. 
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Solving  these  equations  simultaneously  yields  the  amplitude  values  of  the  intensities  of 
the  reference  and  object  beams. 


(4.6) 


Substituting  these  into  Eq.  (4.3)  and  solving  for  0  yields  an  equation  for  phase  difference 
as  a  function  of  observed  intensity,  I. 


0  =  arccos 


r2 1-1  -1  ■  ^ 

max  min 

V  ^max  Anin  J 


(4.7) 


If  the  phase  data  is  calibrated  such  that  the  phase  is  zero  when  no  address  potential  is 
applied,  the  measured  deflection  distance  of  the  mirror  becomes: 


d(x,y)  =  z0-  zm(x,y )  = 


(4.8) 


where  A  is  the  wavelength  of  the  incident  laser  beam.  This  equation  is  used  to  record 
displacement  distances  corresponding  to  a  domain  of  electrode  voltages. 


(4.5)  Software  Analysis 

The  first  step  in  gathering  and  analyzing  the  data  is  to  capture  the  input  and  output 
signal  traces  from  the  oscilloscope.  The  LeCroy  7200  oscilloscope,  used  in  these 
experiments,  has  the  capability  to  export  data  via  a  GPIB  cable  to  a  standard  personal 
computer  equipped  with  a  GPIB  interface.  The  software  necessary  to  do  so  is  included 
with  the  oscilloscope  manuals  and  consists  of  two  main  programs  [24].  First,  the 
ACQUIRE.EXE  utility  captures  all  traces  which  are  visible  on  the  screen  of  the 
oscilloscope  and  saves  them  as  binary  data  files.  Finally,  the  WAVETRAN.EXE  utility 
converts  the  binary  files  into  ASCII  text  files  and  generates  a  separate  header  file 
containing  important  information  about  the  current  oscilloscope  panel  settings  such  as  the 
voltage  versus  time  spans  and  the  total  number  of  points  captured. 


4-15 


The  number  of  points  used  in  sampling  the  traces  on  the  oscilloscope  can  be 
selected  according  to  the  capabilities  of  the  software  used  in  processing  the  data.  The 
discrete  signal-to-noise  ratio  improves  as  the  number  of  sample  points  increases  until 
some  critical  number  of  points  where  the  software  can  no  longer  process  extremely  long 
arrays  of  real  numbers.  The  optimum  number  of  data  points  per  acquired  signal  trace  was 
determined  to  be  4,000  points  for  either  the  input  or  output  waveforms. 

Once  the  data  is  captured  from  the  oscilloscope  and  converted  to  ASCII  text  files, 
the  traces  can  be  loaded  into  a  standard  spreadsheet  using  a  comma-separated-variable 
file  designation.  Figure  4-12  shows  typical  input  and  output  waveforms. 


Figure  4-12.  Data  arrays  of  input  and  output  signals  captured  from  the  oscilloscope. 


In  order  to  improve  the  signal-to-noise  ratio  of  the  setup  and  to  remove  noise  associated 
with  drift  in  the  interference  pattern,  it  is  necessary  to  capture  between  four  and  six 
periods  of  input  and  output  traces.  Once  certain  information  is  gathered  from  the  original 
array,  these  periods  will  be  averaged  together  to  remove  noise  distinctions  between  them. 

A  significant  problem  in  the  analysis  of  the  data  arrays  is  the  effect  of  noise  from 
the  drive  signal  generator  on  an  otherwise  ideal  drive  signal.  In  order  to  successfully 
process  the  input  and  output  signals,  it  is  necessary  to  identify  the  indices  at  which  the 
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maximum  and  minimum  drive  voltages  are  located  in  the  data  array.  Unfortunately,  the 
signal  noise  prevents  simply  scanning  the  array  for  the  largest  and  smallest  values  since 
their  index  may  not  correspond  to  those  of  an  ideal  sine  wave. 

The  regions  of  the  input  signal  in  which  the  slope  is  nearly  zero  are  dominated  by 
noise  whereas  the  regions  of  large  positive  or  negative  slopes  are  dominated  by  the 
sinusoidal  drive  signal.  Therefore,  the  input  array  is  scanned  for  its  maximum  and 
minimum  values  solely  to  determine  the  midpoint  line  which  is  their  numerical  average. 
Now,  the  input  array  is  scanned  for  the  index  of  each  midpoint  and  taking  the  average  of 
the  points  between  every  other  index  produces  the  number  of  points  per  period,  NPeriod. 
As  shown  in  Fig.  4-13,  the  indices  of  the  maximum  and  minimum  drive  voltages  can  be 
determined  simply  by  adding  or  subtracting  the  appropriate  number  of  one-quarter 
periods  from  the  index  of  the  corresponding  midpoint. 


Figure  4-13.  Data  array  of  input  signal  waveform  illustrating  period  analysis. 


To  reduce  noise,  the  input  and  output  waveforms  are  averaged  between  all  captured 
periods  to  form  one  complete  period  of  data  for  each  array.  The  exact  frequency  of  the 
drive  signal  can  be  determined  using  the  time  span  stored  in  the  header  file,  the  total 
number  of  points  captured,  and  the  number  of  points  per  period. 
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Another  problem  to  overcome  in  software  is  to  correct  for  a  capacitance  delay 
associated  with  the  output  transimpedance  amplifier  and  wire  connections  for  the  output 
signal.  The  relative  peak  in  the  output  signal  lags  the  peak  of  the  input  signal  by  some 
number  of  points,  NShip.  This  shift  is  illustrated  in  Fig.  4-14  and  must  be  corrected  in 
order  to  establish  a  direct  correlation  between  the  input  and  output  waveforms.  First,  the 
index  of  the  peak  input  voltage  is  determined  as  described  above  and  the  output  signal  is 
evaluated  at  that  index,  point  A.  Then,  the  indices  are  found  for  the  first  equal  value  prior 
and  second  equal  value  following  the  current  output  sample,  B  and  C,  respectively. 


Figure  4-14.  Input  and  output  waveforms  illustrating  capacitance  delay  correction. 


Finally,  the  index  of  the  relative  output  peak  is  found  to  be  the  numerical  average  of  these 
two  indices,  points  B  and  C.  The  output  shift  is  simply  the  difference  between  the  index 
of  the  input  peak  and  the  index  of  the  relative  output  peak. 

The  next  step  in  analyzing  the  data  traces  is  to  translate  them  into  a  calibrated 
position  within  each  data  array.  The  data  points  of  the  input  signal  array  are  translated 
such  that  the  first  data  point  corresponds  to  the  starting  voltage.  The  signal  array  starts  at 
the  minimum  drive  voltage,  rises  to  the  peak  drive  voltage  at  the  center  of  the  array,  and 
then  returns  to  the  minimum  voltage  at  the  end  of  the  array.  Likewise,  the  output  signal 
array  is  translated  according  to  the  input  array,  and  then  further  translated  by  NShifi  to 
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correct  for  its  capacitive  time  delay.  The  purpose  of  translating  the  arrays  is  to  provide  a 
simplified  range  of  data  points  when  plotting  the  final  behavior  of  the  device.  The  failure 
to  do  so  results  in  a  segmented  plot  that  is  difficult  to  understand. 

Once  the  input  and  output  arrays  have  been  translated,  the  relative  phase  array  can 
be  calculated.  After  scanning  the  output  data  array  for  its  maximum  and  minimum 
values,  Eq.  (4.7)  is  used  to  determine  a  relative  phase  for  each  data  point.  Two  distinct 
characteristics  of  the  relative  phase  array  must  be  corrected.  First,  a  7t  ambiguity  in  the 
inverse  cosine  function  creates  an  error  in  determining  the  absolute  phase  modulation  of 
the  device.  In  addition,  the  relative  phase  of  the  data  point  corresponding  to  the  resting 
position  of  the  device  is  non-zero.  This  is  due  to  drift  in  the  experimental  system  in 
which  the  object  and  reference  beams  are  not  exactly  in  phase  when  the  address  potential 
is  zero.  Figure  4-15  shows  the  relative  phase  array  along  with  the  translated  output  array. 


Figure  4-15.  Relative  phase  array  calculated  from  the  translated  output  signal  array. 


The  n  ambiguity  in  the  relative  phase  array  requires  additional  software  correction  as  well 
as  correction  for  the  non-zero  values  of  the  starting  and  ending  points  of  the  array. 

To  overcome  these  effects,  an  absolute  phase  array  is  calculated  from  the  relative 
phase  array  in  which  the  first  point  is  set  equal  to  zero.  The  following  points  are 
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recursive  in  nature  such  that  the  evaluation  of  any  point  in  the  absolute  phase  array  is 
based  on  the  previous  value  plus  some  change  in  the  relative  phase  array. 
Mathematically,  this  can  be  represented  with  a  recursion  relation  given  as: 

APX  =  0,  APn+l  =  APn  +  c,|*P„+1  -  RPn\  ( 4.9 ) 

where  AP  and  RP  are  the  absolute  and  relative  phase  arrays  respectively,  the  array  index 
range  is  1  <  n  <  NPeriod  - 1,  and  cs  =  ±  1  depending  on  the  slope  of  the  input  data  array. 
When  the  input  voltage  is  increasing,  the  index,  n,  is  less  than  half  NPeriod  and  cs  =  1  since 
the  phase  is  also  increasing.  Likewise,  cs  =  - 1  for  the  second  half  of  the  array  since  the 
phase  decreases  along  with  the  input  voltage.  Figure  4-16  illustrates  these  results. 


Figure  4-16.  Absolute  phase  array  calculated  from  relative  phase  array. 


The  absolute  phase  array  is  smoothed  with  a  standard  box  algorithm  using  linear 
regression  in  which  a  point  in  the  array  evaluated  according  to  the  best-fit  line  formed 
with  its  surrounding  points.  The  number  of  points  used  in  the  algorithm  is  quite 
significant  relative  to  the  change  in  the  output  array.  Various  plots  of  the  effects  of  this 
smoothing  algorithm  are  attached  in  Appendix  (E)  which  compare  the  outcome  of  several 
waveforms  using  different  numbers  of  points.  The  circles  shown  in  Fig.  4-16  highlight 
the  regions  of  the  absolute  phase  array  in  which  the  noise  of  the  relative  phase  array  has 
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produced  some  erroneous  characteristics.  The  smoothed  phase  array  partially  corrects 
these  errors  and  reduces  compounding  noise  effects  as  further  calculations  are  made. 

The  last  step  in  developing  the  characteristic  behavior  of  the  FBMD  is  to  calculate 
the  deflection  of  the  device  from  the  smoothed  phase  array.  Using  Eq.  (4.8),  the 
deflection  array  is  calculated  and,  when  plotted  against  the  original  input  drive  signal, 
yields  the  behavior  characteristics  of  the  device.  Figure  4-17  illustrates  this  result. 


Drive  Voltage  (Volts) 

Figure  4-17.  Plot  of  device  behavior  for  increasing  and  decreasing  address  potentials  [6]. 

Since  no  significant  hysteresis  effects  are  present,  the  increasing  and  decreasing  potential 
curves  can  be  averaged  together  to  form  one  behavior  curve.  It  is  this  behavior  curve  that 
can  be  used  to  operate  the  device  according  to  a  desired  deflection.  The  same  procedures 
are  followed  to  obtain  quantitative  data  for  specific  devices  in  which  a  desired  deflection 
can  be  achieved  by  applying  the  corresponding  address  potential. 

The  software  to  execute  these  procedures  was  written  in  the  Pascal  programming 
language  using  a  standard  Turbo  Pascal®  editor  [25].  The  programs  used  in  the 
acquisition  and  analysis  of  the  data  are  designed  to  operate  in  the  Microsoft  Windows® 
environment  such  that  the  data  can  be  immediately  observed  in  the  Microsoft  Excel® 
spreadsheet  [26].  Printed  copies  of  this  software  are  included  in  Appendix  (A). 
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(V)  Results 


The  experimental  results  of  this  thesis  are  very  similar  to  the  theory  and 
experimental  design  presented  in  Chapters  (HI)  and  (IV),  respectively.  It  was  found  that 
the  fabricated  devices  behave  very  similar  to  expected  and  are  very  well  characterized  by 
the  models  developed  to  describe  their  behavior.  This  chapter  presents  the  fabrication 

results  of  each  micromirror  device  compared  to  its  layout  design  and  compares  the 

r 

experimental  data  collected  with  the  microscope-based  laser  interferometer  to  the 
theoretical  models  developed  for  each  device.  The  effects  of  various  parameters  and 
operating  conditions  on  the  behavior  of  micromirror  devices  are  also  presented. 

(5.1)  Fabrication  Results 

The  fabrication  results  of  the  micromirror  devices  in  this  thesis  were  outstanding 
in  the  sense  that  all  devices  functioned  exactly  as  designed.  The  quality  of  the  fabrication 
process  appears  to  be  quite  high  as  can  be  seen  in  the  scanning  electron  microscope 
(SEM)  micrographs  of  the  devices  fabricated  by  MCNC.  The  photographs  of  the  devices 
are  shown  along  with  the  original  editor  layout  designs  so  that  the  effect  of  the  fabrication 
process  can  be  observed.  Enlarged  figures  are  attached  in  Appendices  (C),  (D),  and  (E) 
which  include  the  SEM  micrographs,  editor  layout  designs,  and  data  plots,  respectively, 
so  that  details  of  these  figures  referenced  in  the  text  can  be  more  easily  observed. 

No  significant  errors  or  geometric  variations  in  the  design  layout  were  observed  in 
the  fabricated  devices  with  the  exception  of  the  flexures  of  the  hexagonal  Flexure-Beam 
devices.  Due  to  the  geometry  of  the  device,  portions  of  at  least  one  flexure  of  each  device 
are  positioned  at  a  thirty  degree  angle  to  the  coordinate  system.  The  micromirror  devices 
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were  designed  using  a  0.1  pm  grid  spacing  while  the  foundry  used  a  0.25  pm  spacing  in 
its  automated  mask  fabrication  routine.  The  resulting  rounding  error  produced  wider 
flexures  for  these  portions  that  were  not  perfectly  snapped  into  the  0.25  pm  grid.  As  a 
result,  the  hexagonal  Flexure-Beam  micromirror  device  does  not  deflect  uniformly  across 
the  surface  of  the  mirror  and  requires  slightly  more  address  potential  than  anticipated. 

All  micromirror  designs  studied  in  this  thesis  were  included  as  part  of  the 
MUMPS6  fabrication  run.  The  foundry  provides  a  list  of  film  data  for  each  layer  of  the 
fabrication  process  which  includes  the  actual  thicknesses  of  each  layer  as  well  as  any 
residual  stress.  Table  5-1  lists  this  data  in  reverse  order  of  film  deposition. 


Table  5-1.  Film  data  from  the  MUMPS6  fabrication  run  provided  by  the  foundry. 


Film 

Thickness  (run) 

Stress  (MPa') 

Resistivitv  CQ-cm) 

Metal  (Cr/Au) 

554 

30  (T) 

3.39X10-6 

Poly-2 

1,565 

5.1  (C) 

2.72X10-3 

Oxide-2 

523 

Poly-1 

2,022 

5.1  (C) 

2.58x10-3 

Oxide- 1 

2,015 

Ploy-0 

520 

19.7  (C) 

1.84x10-3 

Nitride 

621 

19.2  (T) 

The  thickness  of  each  layer  is  close  to  the  corresponding  target  thickness  described  in 
greater  detail  in  Chapter  (IV).  All  micromirror  flexures  are  made  from  the  Poly-2  layer 
having  a  thickness  of  1 .565  pm  which  provides  one  of  the  necessary  dimensions  for  the 
spring  constant  analysis.  Since  the  flexures  of  every  device  were  designed  to  be  the  same 
width,  2  pm,  it  is  expected  that  the  spring  constant  will  vary  between  devices  as  a 


function  of  flexure  length.  It  was  found  that  the  width  of  the  flexures  was  less  than 
designed  as  a  result  of  an  over-etch  used  by  the  foundry.  Fortunately,  this  process  has  the 
same  effect  on  all  flexures  such  that  each  device  still  shares  the  same  flexure  width. 

(5.1.1 )  Flexure-Beam  Devices 

The  primary  devices  of  interest  in  this  thesis  are  the  various  shapes  and  sizes  of 
Flexure-Beam  micromirror  devices.  Several  sizes  of  rectangular  devices  were  designed 
to  test  the  effects  of  various  geometries  on  the  behavior  of  the  device.  An  array  of 
devices  was  fabricated  in  which  the  flexures  of  each  device  are  identical  to  those  of  the 
other  devices.  The  only  variation  between  micromirror  devices  is  the  size  of  the  mirror: 


(a)  Editor  Layout  Design  (b)  SEM  Micrograph 

Figure  5-1.  Layout  design  and  fabricated  test  array  of  rectangular  Flexure-Beam  devices. 

The  largest  of  these  devices  is  partially  deflected  downward  at  the  center  of  the  mirror 
due  to  gravity.  As  shown  in  Fig.  5- 1(b),  the  edges  of  this  device  are  deflected  upward  as 
a  result  of  this  deformation  in  the  surface  of  the  mirror.  This  observation  is  useful  in 
evaluating  the  modulus  of  elasticity  of  the  mirror,  Em,  which  will  be  used  to  determine  the 
magnitude  of  surface  deformation  for  the  remaining  devices. 


Among  the  Flexure-Beam  micromirror  devices  fabricated  in  this  thesis,  the  square 
device  shown  in  Fig.  5-2  is  the  primary  focus  of  Flexure-Beam  modeling  and  testing.  It  is 
this  device  that  is  used  to  verify  the  advanced  model  developed  in  Chapter  (III). 


(a)  Editor  Layout  Design  (b)  SEM  Micrograph 

Figure  5-2.  Layout  design  and  fabricated  square  Flexure-Beam  micromirror  device. 

The  design  of  this  device  was  described  in  Chapter  (IV)  in  which  the  addition  of  dummy 
wires  was  explained  as  a  means  of  maintaining  deflection  uniformity  among  the  four 
flexures.  As  shown  in  Fig.  5-2(b),  these  dummy  wires  cause  a  disruption  of  the  surface 
topology  in  the  Poly-2  flexures  at  the  same  relative  location  as  the  address  wire  attached 
to  the  address  electrode.  Since  no  other  discontinuities  exist  in  the  flexures,  it  is  expected 
that  this  device  will  deflect  uniformly  at  the  four  comers  of  the  mirror. 

Using  the  same  image  of  the  device  under  much  higher  magnification,  it  was 
observed  that  the  flexures  were  much  thinner  than  designed.  The  flexures  were  designed 
with  a  width  of  2  pm,  but  the  foundry  uses  an  over-etch  of  200%  to  remove  excess  Poly-2 
from  the  wafers.  Therefore,  the  edges  of  the  devices  are  slightly  etched  from  underneath 
the  oxide  that  is  used  to  mask  the  features  of  mirror  and  flexures.  The  ruler  on  the  SEM 
micrograph  showed  the  width  of  the  flexures  to  be  1.65  pm  which  will  produce  a 
significantly  different  response  than  originally  anticipated. 
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Another  of  the  Flexure-Beam  micromirror  devices  used  for  model  verification  is 
the  hexagonal  device  that  was  developed  as  an  attempt  to  maximize  the  effective  area  of 
an  array  of  micromirrors.  It  was  found  that  geometric  properties  of  a  hexagon  were  most 
effective  for  this  purpose  and  allowed  the  micromirrors  to  be  closely  packed  relative  to 
each  other  in  the  array. 


(a)  Editor  Layout  Design  (b)  SEM  Micrograph 

Figure  5-3.  Layout  design  and  fabricated  hexagonal  Flexure-Beam  micromirror  device. 


The  three  flexures  of  this  device  were  designed  to  span  one-third  of  the  perimeter  of  the 
mirror  to  maximize  the  use  of  space  surrounding  it.  Figure  5-3  shows  this  device  which 
also  shows  the  addition  of  two  dummy  wires  for  flexure  uniformity.  The  reflective 
surface  surrounding  each  device  is  used  as  the  support  post  and  maximizes  the  amount  of 
reflective  area  of  the  array. 

As  shown  in  Fig.  5-3(b),  some  of  the  flexures  are  poorly  fabricated  due  to  the  grid 
spacing  error  described  above.  Since  the  flexure  along  the  right  side  of  the  device  has 
two  segments  at  an  angle  to  the  coordinate  system  rather  than  just  one,  this  flexure  will 
resist  the  electrostatic  actuation  of  the  device  more  than  the  other  two  flexures.  As  a 


result,  it  is  expected  that  this  device  will  not  deflect  uniformly,  but  will  tilt  away  from  the 
comer  at  which  this  flexure  is  attached. 

(5. 1.1.1)  Design  Variations 

The  standard  Flexure-Beam  micromirror  device  was  slightly  altered  in  an  attempt 
to  maximize  the  effective  area  of  an  array  of  devices.  In  a  new  design,  the  support  post 
was  placed  in  the  location  where  an  etch  hole  must  normally  be  placed,  thereby  using  the 
space  more  efficiently  since  the  comers  of  the  device  no  longer  require  support  posts. 
This  Axial  rotation  device  is  shown  in  Fig.  5-4  which  illustrates  the  center  support  post. 


(a)  Editor  Layout  Design  (b)  SEM  Micrograph 

Figure  5-4.  Layout  design  and  fabricated  Axial  rotation  micromirror  device. 

In  addition,  each  device  has  four  address  electrodes,  one  beneath  each  comer  of  the 
device.  By  applying  a  range  of  address  potentials  to  these  electrodes,  the  device  can  be 
actuated  such  that  its  motion  combines  properties  of  the  Flexure-Beam  and  Cantilever 
devices.  The  device  will  tilt  toward  the  address  electrode  at  the  highest  potential  or  it  will 
deflect  downward  similar  to  the  Flexure-Beam  micromirror  device  if  all  four  electrodes 
are  at  the  same  potential. 
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(5.1.2)  Cantilever  Devices 

Besides  the  Flexure-Beam  devices,  two  styles  of  Cantilever  devices  were  designed 
and  fabricated  to  test  the  Cantilever  model  developed  in  Chapter  (EH).  The  purpose  of 
this  modeling  is  to  verify  the  basic  principles  used  in  the  advanced  model  of  the  Flexure- 
Beam  devices.  Since  the  same  principles  act  on  the  Cantilever  devices,  validating  the 
model  of  their  behavior  serves  to  verify  the  validity  of  other  models  as  well. 

The  first  style  of  Cantilever  micromirror  is  the  paddle-style  device  in  which  the 
mirror  is  supported  by  one  flexure  which  bends  downward  as  the  mirror  deflects.  This  is 
the  primary  style  of  Cantilever  devices  as  described  in  Chapter  (II). 


(a)  Editor  Layout  Design  (b)  SEM  Micrograph 

Figure  5-5.  Layout  design  and  fabricated  paddle-style  Cantilever  micromirror  device. 


Two  test  arrays  of  this  device  were  fabricated  in  which  only  the  flexure  length  was 
altered.  As  shown  in  Fig.  5-5,  the  mirror  will  tilt  away  from  the  support  post  as  it  deflects 
which  creates  a  dependence  on  position  along  the  surface  of  the  mirror.  The  length  of  the 
flexure  determines  the  address  potential  that  will  be  required  to  deflect  the  mirror  to  a 
desired  distance  at  a  specific  position  on  the  mirror.  One  array  of  devices  was  fabricated 
with  15  pm  long  flexures  while  the  second  array  has  25  pm  long  flexures.  These  arrays 
provide  a  set  of  data  that  describes  the  effect  of  the  length  of  flexures. 


Another  style  of  Cantilever  micromirrors  is  the  torsion-style  device  in  which  two 
flexures  support  the  mirror  and  are  attached  along  one  side  of  the  device.  When  the 
device  is  actuated,  it  will  also  tilt  to  one  direction  away  from  the  flexures  that  will  twist  to 
provide  the  necessary  deflection. 


(a)  Editor  Layout  Design  (b)  SEM  Micrograph 

Figure  5-6.  Layout  design  and  fabricated  torsion-style  Cantilever  micromirror  device. 

The  flexures  are  designed  to  rotate  in  the  direction  that  the  mirror  deflects  to  reduce  the 
voltage  required  for  a  desired  deflection.  Figure  5-6  shows  the  flexures  that  are  folded 
several  times  to  provide  the  equivalence  of  a  very  long  flexure  on  the  paddle-style  device. 

Another  feature  of  this  device  is  the  pointed  end  of  the  mirror  which  serves  two 
purposes.  First,  the  extra  weight  on  the  ends  of  the  mirror  reduce  the  voltage  required  for 
a  desired  deflection  due  to  an  initial  torque  on  the  flexures  due  to  gravity.  Second,  these 
points  prevent  a  short-circuit  in  the  event  that  the  device  is  driven  with  an  address 
potential  that  would  otherwise  pull  the  end  of  the  mirror  into  the  address  electrode.  The 
extension  of  the  end  of  the  mirror  is  designed  to  rest  against  the  substrate  in  the  event  of 
such  a  deflection  so  that  the  mirror  remains  a  safe  distance  above  the  address  electrode. 

The  torsion-style  Cantilever  device  was  also  designed  with  three  lengths  of 
flexures  to  test  the  effect  of  the  flexure  geometry  on  device  behavior.  Unlike  the  paddle- 
style  devices,  however,  the  flexures  of  the  torsion-style  device  include  several  comers  in 


which  the  flexure  is  wrapped  in  a  zig-zag  pattern.  This  may  additionally  affect  the 
characteristic  behavior  of  the  device  such  that  the  spring  constant  is  not  only  a  function  of 
the  length  of  the  flexure,  but  of  the  shape  as  well. 


(a)  208.5  pm  Flexures  (b)  108.5  pm  Flexures  (c)  66  jam  Flexures 

Figure  5-7.  Torsion-style  Cantilever  micromirror  devices  with  various  flexure  lengths. 


The  different  lengths  of  flexures  will  help  determine  the  effect  of  the  sharp  turns  on  the 
behavior  of  the  flexures.  Figure  5-7  illustrates  three  micromirror  devices  having  the  same 
surface  area  and  different  lengths  of  flexures  which  also  shows  the  number  of  comers  per 
design.  It  is  not  clearly  known  how  these  turns  will  affect  the  spring  constant  of  the 
flexures  and  therefore  how  the  devices  will  behave. 


(5.2)  Ideal  Model  Verification 

The  first  step  in  validating  the  advance  model  of  the  Flexure-Beam  micromirror 
device  is  to  evaluate  the  ideal  model  that  describes  the  basic  principles  involved  in  the 
operation  of  the  device.  Both  the  Flexure-Beam  and  Cantilever  devices  are  used  to 
evaluate  their  respective  models  in  which  the  experimental  data  is  fit  to  the  theoretical 
behavior  curves  using  the  spring  constants  described  in  Chapter  (El).  These  constants  are 
determined  experimentally  from  the  observed  behavior  of  the  devices  which  allows  for  a 
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closer  fit  of  the  theory.  The  advanced  model,  however,  requires  that  the  spring  constants 
be  determined  from  the  geometry  and  material  properties  of  the  flexures  which  creates  the 
possibility  of  discrepancies  between  the  model  and  observed  behavior. 

(5.2.1 )  Flexure-Beam  Devices 


The  behavior  curves  shown  in  Fig.  5-8  depict  the  ideal  theoretical  model  for 
Flexure-Beam  devices  given  in  Eq.  (3.19)  and  the  corresponding  experimental  data  for 
one  device  of  each  design.  This  data  was  taken  from  a  single  square  Flexure-Beam 
device  of  Fig.  5-2  and  two  sizes  of  hexagonal  devices  of  Fig.  5-3  and  is  shown  with  the 
best-fit  spring  constants  for  each  set  of  data. 


Figure  5-8.  Ideal  characteristic  behavior  of  various  Flexure-Beam  micromirror  devices. 

The  data  was  taken  at  a  position  on  the  mirror  surface  immediately  adjacent  to  one  of  the 
flexures  to  minimize  the  effects  of  surface  deformations  on  the  data.  Therefore,  the 
mirror  deflection  observed  is  directly  related  to  the  spring  constant  of  the  micromirror. 
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These  best-fit  spring  constants  will  be  used  to  extract  the  values  of  the  thin  film  modulus 
of  elasticity  for  polysilicon  which  will  be  used  in  the  advanced  model  to  predict  the 
spring  constants  of  the  flexures  given  their  geometry  and  material  properties. 

The  ideal  theoretical  behavior  curves  in  Fig.  5-8  appear  to  fit  the  data  quite  well 
for  each  of  the  three  Flexure-Beam  devices.  It  should  be  noted  that  the  data  is  simply  fit 
to  a  curve  given  by  the  model  which  does  not  verify  the  model,  but  only  the  form  of  the 
model  in  which  the  square  of  the  voltage  is  proportional  to  a  third-order  polynomial  of  the 
deflection  distance.  In  order  to  use  this  model,  the  spring  constant  for  each  device  must 
be  experimentally  measured  which  defeats  the  purpose  of  a  model.  The  advanced 
Flexure-Beam  model  serves  to  remove  this  requirement  of  experimental  observations. 

(5.2.2)  Cantilever  Devices 

The  analysis  of  the  Cantilever  devices  designed  in  this  thesis  is  two-fold.  First, 
the  experimental  data  gathered  from  both  the  paddle  and  torsion-style  devices  is  best-fit 
to  the  model  by  the  two  constants  in  Eq.  (3.20)  in  order  to  verify  the  basic  principles  of 
the  model.  Second,  the  torsion-style  Cantilever  is  used  to  study  the  effects  of  right  angles 
on  the  behavior  of  the  flexures  supporting  the  device.  As  shown  in  Fig.  5-7,  the  three 
designs  of  this  device  have  various  lengths  of  flexures  that  also  have  various  numbers  of 
comers.  For  devices  fabricated  on  the  same  chip,  the  material  properties  are  the  same  for 
each  device  such  that  the  relative  spring  constant  becomes  a  function  solely  of  the  length 
of  the  flexure.  Therefore,  the  data  from  one  device  can  be  normalized  to  that  of  another 
based  on  the  two  lengths  of  the  flexures.  Any  significant  discrepancies  in  the  behavior  of 
the  flexures  can  be  attributed  to  the  effect  of  sharp  comers  along  its  length.  In  addition, 
the  ideal  Flexure-Beam  model  is  also  used  to  describe  the  observed  data  for  a  particular 
Cantilever  device  in  order  to  illustrate  the  distinctness  of  the  Cantilever  behavior  curve. 
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The  behavior  curves  shown  in  Fig.  5-9  depict  the  ideal  theoretical  model  for 
Cantilever  micromirror  devices  given  in  Eq.  (3.26)  and  the  corresponding  experimental 
data.  This  data  was  measured  at  a  position  on  the  mirror  surface  at  the  far  end  of  the 
mirror  opposite  the  flexure  on  the  paddle-style  Cantilever  devices  of  Fig.  5-5  and  is 
shown  with  the  best-fit  spring  constants  for  both  sets  of  data. 


Figure  5-9.  Ideal  characteristic  behavior  of  two  paddle-style  Cantilever  devices. 


The  Cantilever  model  appears  to  fit  the  data  well,  but  the  data  is  simply  fit  to  the  curve  as 
was  the  Flexure-Beam  data  which  does  not  directly  validate  the  model  as  described 
above.  Again,  the  calibration  of  the  spring  constant  was  required  in  order  to  describe  the 
behavior  of  the  device.  As  a  means  of  comparison,  the  best-fit  Flexure-Beam  curve  is 
shown  for  one  of  the  devices  in  Fig.  5-9  which  illustrates  the  slight  variation  in  the 
behavior  of  the  Cantilever  device.  Although  the  Flexure-Beam  model  closely 
approximates  the  curve  at  any  one  point  on  the  surface  of  the  mirror,  a  different  spring 
constant  is  required  to  fit  this  model  elsewhere  along  the  mirror  surface.  Once  the 
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Cantilever  constants  are  determined,  however,  the  model  becomes  a  function  of  position 
such  that  no  new  calibration  is  required  to  describe  the  behavior  of  the  device. 

The  constants  determined  for  the  paddle-style  Cantilever  device  with  the  shorter 
flexure  were  used  in  the  model  in  which  the  deflection  at  other  points  on  the  surface  of 
the  mirror  was  measured.  Figure  5-10  illustrates  the  result  of  this  measurement  which 
shows  the  model  and  experimental  data  at  the  end  and  center  of  the  mirror. 


Figure  5-10.  Behavior  curves  for  two  locations  on  the  paddle-style  Cantilever  device. 


The  behavior  curve  for  the  data  taken  at  the  center  of  the  mirror  is  slightly  erroneous  due 
to  as  many  as  three  primary  reasons.  First,  it  was  noted  that  the  curves  could  be  fit  to  a 
wide  range  of  constants  at  a  particular  point  along  the  mirror  surface,  but  since  these 
constants  determine  the  amount  of  tilting  of  the  mirror,  and  therefore  the  slope  along  the 
surface,  only  a  precise  set  of  constants  could  describe  the  entire  surface  of  the  mirror.  It 
is  necessary  to  take  several  sets  of  curves  at  various  intervals  along  the  surface  of  the 
mirror  and  find  the  constants  that  satisfy  them  simultaneously. 


Secondly,  the  constants  were  determined  for  a  position  at  the  end  of  the  mirror  for 
which  the  coordinate  was  approximated  due  to  the  size  of  the  laser  spot  focused  on  the 
mirror.  This  coordinate  could  contain  a  significant  amount  of  error  which  would  produce 
erroneous  values  of  the  fitting  constants.  Likewise,  the  position  coordinate  of  the  center 
of  the  mirror  could  be  equally  inaccurate  such  that  a  combination  of  the  two 
approximations  leads  to  the  theoretical  behavior  curve  shown  in  Fig.  5-10  in  which  the 
model  does  not  exactly  describe  the  data.  Ultimately,  however,  the  Cantilever  model 
describes  the  behavior  of  this  device  fairly  well  with  the  current  spring  constants. 

(5.3)  Spring  Constant  Evaluation 

Micromirror  devices  fabricated  on  the  same  wafer  typically  share  the  mechanical 
properties  of  the  layers  from  which  they  are  fabricated  such  that  the  elastic  modulus  and 
stress  due  to  fabrication  can  be  assumed  uniform  between  similar  devices.  For  this 
reason,  the  spring  constant  of  Eq.  (3.68)  reduces  to  a  function  of  geometry  of  the  flexures 
of  a  micromirror  device.  If  the  flexures  are  all  designed  to  be  of  common  width,  the 
spring  constant  becomes  a  function  solely  of  the  length  of  the  flexure.  Therefore,  without 
knowing  the  exact  modulus  of  elasticity  of  the  flexures,  a  relation  between  two  or  more 
sets  of  spring  constants  can  be  determined  based  on  an  experimentally  determined  value 
of  one  constant  and  the  lengths  of  two  or  more  flexures.  Solving  Eq.  (3.68)  for  two 
micromirror  devices,  A  and  B,  whose  modulus  of  elasticity  are  set  identically  equal  to 
each  other  yields  the  following  spring  constant  relationship: 

,  kAL3A+b(es-eA 

kR  = - , - 

B  t3 

l‘b 

such  that  the  deflection  spring  constant  for  a  second  device,  k1  =  kB,  can  be  determined 
from  the  calibration  of  the  first  device  constant,  kj  =  kA,  and  the  relative  length  of  their 


b  =  2o(l  -  v)wt  (5.1) 
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flexures,  LB  and  LA,  respectively.  The  paddle-style  devices  characterized  in  Fig.  5-9  were 
found  the  obey  this  relationship  well  within  one  percent  error  indicating  that  the  beam 
analysis  used  to  develop  the  spring  constant  relationship  was  valid.  For  flexures  that 
contain  bends  or  sharp  comers  in  their  layout,  however,  this  relationship  may  be  affected 
by  additional  stress  or  torque  produced  in  the  flexures  based  on  their  geometry. 

(5.3.1 )  Properties  of  Shaped  Flexures 


The  three  versions  of  torsion-style  devices  shown  in  Fig.  5-7  were  characterized  at 
a  position  at  the  end  of  each  mirror.  Figure  5-11  shows  the  ideal  theoretical  model  and 
the  data  taken  for  each  device  having  the  flexure  lengths  given  next  to  each  curve. 


Figure  5-11.  Ideal  characteristic  behavior  of  three  torsion-style  Cantilever  devices. 


Also  shown  with  each  data  curve  is  the  effective  behavior  of  each  device  given  the  spring 
constants  evaluated  from  the  relationship  in  Eq.  (5.1)  for  the  three  lengths  of  flexures. 
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The  number  of  comers  per  flexure  of  a  given  device  is  also  shown  adjacent  to  the 
corresponding  behavior  curve.  For  straight  flexures  containing  no  sharp  comers  in  their 
layout,  it  is  expected  that  the  effective  behavior  for  a  device  as  calculated  by  another 
would  be  very  similar  to  the  experimental  behavior  observed  for  that  device.  As  shown 
in  Fig.  5-11,  however,  the  zig-zag  wrapping  of  the  flexures  alters  the  spring  constant  of 
the  device  regardless  of  the  net  length  of  the  flexure. 

It  appears  that  the  spring  constant  decreases  with  the  increase  in  the  number  of 
comers  in  the  layout  of  the  flexures.  This  is  reasonable  since  the  majority  of  the  length  of 
the  flexures  lies  in  the  direction  of  the  deflection  of  the  mirror  which  allows  the  flexures 
to  deform  more  easily  to  actuation.  This  indicates  that  the  observed  behavior  may  not 
entirely  be  the  result  of  the  comers  in  the  flexure  layout,  but  also  the  direction  in  which 
the  flexures  are  positioned  relative  to  the  deflection  of  the  device.  For  this  reason,  the 
spring  constant  data  collected  from  the  torsion-style  Cantilever  devices  is  inconclusive. 
Chapter  (VI)  contains  several  suggested  improvements  and  recommended  test  structures 
from  which  the  effect  of  shaped  hinges  can  more  accurately  be  analyzed. 

(5.3.2 )  Elastic  Modulus  Extraction 

The  spring  constant  that  describes  the  behavior  of  the  Flexure-Beam  micromirror 
devices  is  given  in  Eq.  (3.68)  in  which  all  dimensions  and  variables  are  known  except  the 
value  of  the  thin-film  modulus  of  elasticity  for  the  flexures.  In  order  to  extract  the 
elasticity  of  the  flexures,  an  observed  behavior  curve  must  first  be  fit  to  a  model  of  the 
device  to  experimentally  determine  a  spring  constant  describing  their  behavior.  Since  the 
behavior  of  the  Cantilever  devices  is  dependent  on  two  constants,  these  devices  can  not 
be  used  because  the  degree  of  bending  associated  with  the  device  affects  their  values. 
Therefore,  only  Flexure-Beam  devices  can  be  used  since  their  flexures  deflect  without 
extreme  bending  as  well.  Unfortunately,  the  rounding  effects  of  the  grid  spacing  during 
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fabrication  created  uneven  flexures  for  the  two  sizes  of  hexagonal  micromirrors  which 
does  not  permit  the  use  of  these  devices  to  directly  evaluate  the  flexure  elasticity.  As  a 
result,  the  only  devices  remaining  for  this  purpose  are  the  square  micromirrors  which  are 
the  focus  of  the  advanced  model.  This  would  seem  to  defeat  the  purpose  of  extracting 
parameters  from  other  devices  to  describe  its  behavior. 

As  an  alternative,  however,  the  elastic  modulus  is  found  using  all  three  designs 
and  then  averaged  to  remove  the  error  due  to  the  widened  flexures.  Equation  (3.68)  is 
solved  for  the  elastic  modulus  which  is  evaluated  using  the  spring  constants  in  Fig.  5-8 
that  were  previously  determined  to  fit  the  model  to  the  observed  data  of  the  devices.  The 
modulus  was  found  to  be  210  GPa  for  the  square  Flexure-Beam  device,  152  GPa  for  the 
small  hexagonal  device,  and  125  GPa  for  the  large  hexagonal  device. 


Figure  5-12.  Comparison  of  behavior  curves  using  extracted  modulus  of  elasticity. 

The  average  of  these  values  yields  a  reasonable  approximation  of  the  thin-film  elastic 
modulus  for  Poly-2  found  to  be  162.3  GPa  which  produces  the  characteristic  behavior 
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curves  shown  in  Fig.  5-12  for  the  three  devices.  The  value  of  162.3  GPa  compares 
favorably  to  other  sources  in  which  values  of  168  GPa,  169  GPa,  and  173  GPa  were 
experimentally  determined  [27,28,29].  Knowing  the  elastic  modulus  of  the  Poly-2 
flexures,  the  advanced  model  does  not  require  experimental  observations  to  predict  the 
behavior  of  the  devices. 

In  order  to  gain  a  more  accurate  value  of  the  elastic  modulus,  however,  other 
effects  of  the  geometry  of  the  flexures  must  be  studied.  It  was  observed  that  the  shape  of 
the  flexures  of  the  torsion-style  Cantilever  devices  altered  the  behavior  of  the  device  such 
that  the  spring  constant  of  the  flexures  was  not  only  a  function  of  geometric  proportions, 
but  also  of  the  shape  and  position  in  which  the  flexures  are  designed.  Therefore,  the 
spring  constants  between  the  square  and  hexagonal  devices  may  produce  different  values 
of  the  elastic  modulus  because  the  flexures  of  the  square  mirror  are  angled  more  than 
those  of  the  hexagonal  mirrors.  In  order  analyze  and  extract  the  exact  value  of  the  thin 
film  modulus  of  elasticity,  the  spring  constant  must  be  made  to  account  for  the  shape  of 
the  flexures  which  may  include  any  angles  in  the  flexures  or  the  direction  in  which  the 
flexures  lie  relative  to  the  motion  of  the  mirror.  Suggested  experiments  are  presented  in 
Chapter  (VI)  which  should  help  determine  such  effects  on  device  behavior. 

(5.4)  Advanced  Flexure-Beam  Model  Verification 

For  the  square  Flexure-Beam  micromirror  device,  the  ideal  characteristic  model 
appears  to  be  accurate  for  low  frequencies  and  temperatures  because  the  device  is  large 
enough  that  no  significant  electric  field  fringing  losses  are  present.  The  surface 
deformations  observed  for  this  device,  however,  require  a  more  complete  model  that  will 
allow  for  slight  modifications  based  on  the  physical  behavior  of  the  device  and  for  more 
extreme  operating  conditions. 
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The  elastic  modulus  of  the  mirror  surface  is  determined  from  observations  of  a 
large  Flexure-Beam  device  that  is  partially  deflected  due  to  gravity  in  which  the  center  of 
the  device  is  deflected  further  than  the  edges.  This  modulus  is  then  used  to  quantify  the 
amount  of  surface  deformation  observed  from  the  square  Flexure-Beam  device  used  to 
test  the  advanced  model.  In  addition,  the  net  effect  of  cross-talk  is  found  to  be  negligible 
for  these  devices  due  to  the  spacing  between  adjacent  micromirrors.  The  effects  of 
temperature,  frequency,  and  fringing  losses  are  analyzed  using  simulated  devices  or 
conditions  and  applying  the  advanced  model  to  them  since  the  capabilities  of  the 
experimental  setup  are  such  that  these  effects  can  not  be  directly  measured  with  the 
equipment  and  devices  currently  available. 

(5.4.1 )  Mirror  Surface  Deformation 

The  elastic  modulus  of  the  micromirrors  fabricated  in  the  MUMPS6  run  can  be 
obtained  from  the  behavior  of  a  particular  device  and  used  to  predict  and  analyze  the 
behavior  of  others.  The  large  square  Flexure-Beam  device  shown  in  Fig.  5-1  exhibits 
partial  surface  deformations  due  to  its  own  weight.  This  observation  is  very  useful  since 
the  mass  of  the  mirror  can  be  precisely  determined  from  the  volume  and  densities  of  the 
materials  comprising  it.  Therefore,  the  modulus  of  elasticity  of  the  mirror  can  be  found 
that  will  describe  the  degree  of  surface  deformations  that  can  be  expected  from 
micromirror  devices  that  are  actuated  at  a  given  address  potential. 

(5. 4. 1.1)  Mirror  Elasticity 

To  obtain  the  modulus  of  elasticity  of  the  mirror,  the  deformation  at  the  center  of 
the  mirror  must  first  be  measured.  However,  due  to  the  extreme  size  of  the  device,  its 
motion  can  not  be  measured  using  the  laser  interferometer  because  the  mirror  of  the 
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device  would  come  into  contact  with  the  address  electrode  and  short  circuit  the  device. 
As  a  result,  the  deformation  at  the  center  of  the  device  must  be  estimated.  Since  the 
separation  distance  between  the  mirror  and  address  electrode  is  much  smaller  than  the 
width  of  the  mirror,  estimating  the  deformation  distance  will  produce  an  estimated  elastic 
modulus  that  is  well  within  an  order  of  magnitude  of  the  actual  value. 

It  is  first  assumed  that  the  center  of  the  mirror  is  fully  deflected  by  its  own  weight 
such  that  8  =  d2n  =  316.4  nm.  Although  the  mirror  may  appear  to  be  significantly  more 

deflected,  it  must  be  noted  that  the  stress  in  the  Gold  layer  is  tensile  while  the  stress  in  the 
Poly-2  layer  is  compressive  such  that  large  mirrors  will  partially  deform  downward  due  to 
this  bimetallic  actuation.  The  elastic  modulus  is  found  using  Eq.  (3.73)  such  that 


where  M  is  the  mass  of  the  mirror,  g  is  the  gravitational  acceleration  constant,  A  is  the 
area  of  the  mirror,  and  tm  is  the  total  thickness  of  the  mirror  given  as  the  sum  thickness  of 
Poly-2  and  Gold.  The  elastic  modulus  of  the  mirror,  Em,  is  found  to  be  268.4  MPa  which 
is  several  orders  of  magnitude  less  than  the  bulk  elastic  modulus  for  both  silicon  and 
gold,  112  GPa  and  74.5  GPa,  respectively  [17].  Although  this  seems  unreasonable,  the 
surface  deformation  theory  and  experimental  results  will  verify  this  magnitude. 

Since  the  bulk  modulus  of  elasticity  of  silicon  is  much  greater  than  that  of  gold 
and  the  Poly-2  layer  is  much  thicker  than  the  Gold  layer,  it  is  expected  that  the  polysilicon 
will  dominate  the  elasticity  of  the  mirror.  If  the  thickness  of  the  Poly-2  layer  is  used  as 
the  thickness  of  the  mirror,  the  produced  modulus  of  elasticity  is  somewhat  larger  than 
initially  calculated.  The  elastic  modulus  of  the  mirror,  Em,  in  this  case  is  found  to  be 
704.97  MPa  which  is  more  closely  verified  by  observed  data.  The  following  section 
contains  this  analysis  which  uses  the  square  Flexure-Beam  micromirror  device  to  depict 
the  effects  of  surface  deformations  on  the  behavior  of  the  mirror. 
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(5. 4.1. 2)  Surface  Deformation  Verification 

The  deflection  of  the  square  Flexure-Beam  device  of  Fig.  5-2  was  measured  at  the 
four  comers  and  center  of  the  mirror  in  order  to  test  the  deformation  of  the  mirror.  Since 
the  hinges  were  designed  for  uniform  behavior  and  are  attached  at  the  comers  of  the 
mirror,  it  is  anticipated  that  the  comers  of  the  mirror  will  deflect  along  very  similar 
behavior  curves.  Figure  5-13  shows  these  curves  along  with  that  from  the  mirror  center. 


Figure  5-13.  Characteristic  behavior  of  the  square  Flexure-Beam  micromirror  surface. 

As  expected,  the  four  comers  deflected  uniformly  relative  to  each  other  to  the  extent  that 
their  behavior  curves  are  almost  indistinguishable.  The  characteristic  behavior  of  the 
center  of  the  mirror,  however,  shows  that  the  mirror  deformed  as  it  deflected.  The 
difference  between  the  deflection  of  the  mirror  at  the  center  of  the  device  and  the 
deflection  at  the  flexures  is  given  in  Eq.  (3.75)  and  is  experimentally  determined  to  be 
approximately  7  nm  at  the  peak  address  potential.  Using  the  mirror  elastic  modulus 
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determined  from  the  large  Flexure-Beam  device  of  Fig.  5-1,  the  calculated  deformation  at 
the  center  of  this  device  should  be  approximately  5  nm  at  the  same  potential. 

Using  the  elastic  modulus  of  705  MPa,  the  advance  model  is  updated  to  include  a 
relative  degree  of  surface  deformation  using  Eq.  (3.75)  for  micromirror  devices  in  which 
the  flexures  are  attached  at  the  comers  of  the  device.  Since  this  deformation  is  a  function 
of  position,  the  experimental  data  shown  in  Fig.  5-13  is  reproduced  by  the  model  to 
include  similar  behavior  of  the  four  comers  of  the  mirror  and  an  additional  deflection  at 
the  center  of  the  device  of  approximately  5  nm  at  the  peak  address  potential. 


Figure  5-14.  Surface  deformation  behavior  curves  of  the  square  Flexure-Beam  device. 

The  theoretical  behavior  of  the  device  at  three  positions  on  the  surface  of  the  mirror  is 
shown  in  Fig.  5-14  which  shows  the  peak  deformation  to  be  5  nm  between  the  curve  at 
the  center  of  the  device  and  the  curve  at  the  comer.  As  illustrated  in  Fig.  3-13,  the  edge 
of  the  mirror  is  expected  to  deform  half  the  distance  as  that  of  the  center  of  the  device. 
Since  the  peak  deformation  at  the  peak  address  potential  is  approximately  the  same  as  the 
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experimental  value  observed  with  the  data  shown  in  Fig.  5-13,  the  value  of  the  extracted 
mirror  elasticity,  705  MPa,  is  assumed  to  be  reasonably  accurate. 

(5.4.2)  Cross-Talk 


In  order  to  evaluate  the  magnitude  of  cross-talk  interference  relative  to  the 
actuation  of  a  primary  device,  the  maximum  possible  interference  is  evaluated  by 
assuming  that  all  four  adjacent  mirrors  in  an  array  of  square  Flexure-Beam  devices  are 
fully  actuated.  The  peak  actuation  potential,  V2n,  is  defined  as  the  voltage  required  to 
deflect  the  mirror  of  any  device  to  a  peak  deflection  distance,  d2n,  which  is  relative  to  the 
wavelength  of  the  incident  beam  of  light.  If  all  four  neighbors  are  fully  actuated,  the  total 
force  due  to  cross-talk  on  the  primary  mirror  is  given  in  Eqs.  (3.54)  and  (3.59)  such  that 

_  2eowV22k  [ (s,  +  w)Lnim  -  xsLmdx 
CT  7  L  L 

|_  min  max 

where  w  is  the  width  of  the  square  mirror,  z0  is  the  resting  height  of  the  mirror,  xs  is  the 
separation  distance  between  adjacent  devices,  lmin  and  lmax  are  the  minimum  and 
maximum  arc  lengths  of  the  cross-talk  interference,  respectively,  and  dmax  is  defined  as 
the  maximum  deflection  of  the  primary  mirror  due  to  cross-talk.  Using  the  ideal  model  in 
Eq.  (3.19),  the  peak  actuation  potential  is  given  as 


where  Lmin  and  Lmax  are  given  in  Eq.  (3.56)  and  are  functions  of  the  geometry  of  the 
device  and  the  distance  between  the  adjacent  mirrors.  Since  the  peak  address  potential  is 
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a  function  of  the  spring  constant,  the  peak  deflection  due  to  cross-talk  is  normalized  to  all 
devices  independent  of  the  spring  constant  provided  that  the  adjacent  mirrors  have  the 
same  spring  constant.  Figure  5-15  shows  a  plot  of  dmax  for  various  device  geometries. 
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Figure  5-15.  Plot  of  maximum  deflection  due  to  cross-talk  versus  micromirror  area. 


The  square  Flexure-Beam  micromirror  devices  used  to  evaluate  the  advanced  model  are 
spaced  18  pm  between  adjacent  devices  and  are  3,716  pm2  in  area.  This  corresponds  to  a 
maximum  deflection  of  approximately  0.5  nm  which  is  on  the  order  of  noise  in  the 
experimental  system.  Therefore,  it  is  expected  that  no  significant  change  in  the  behavior 
of  the  device  will  be  observed  when  the  adjacent  mirrors  are  actuated. 

To  test  this  assumption,  three  of  the  adjacent  devices  in  the  array  of  square 
Flexure-Beam  devices  shown  in  Fig.  5-2(b)  were  actuated  with  a  constant  address 
potential  of  approximately  15  Volts  which  is  very  close  to  the  peak  address  potential.  A 
behavior  curve  was  generated  for  the  primary  device  along  the  edge  of  the  mirror  nearest 
the  neighboring  devices  which  was  compared  to  the  same  curve  generated  when  the 


5-24 


adjacent  devices  were  not  actuated.  As  expected,  no  measurable  changes  were  observed 
which  validates  the  assumption  that  cross-talk  can  be  ignored  for  these  particular  mirrors. 
For  smaller  devices  that  are  more  closely  packed  together  within  an  array,  however,  the 
peak  deflection  due  to  cross-talk  can  be  quite  significant. 

(5.4.3)  Simulated  Behavior 

Although  the  temperature  and  frequency  effects  on  the  behavior  of  micromirror 
devices  was  not  directly  measured,  the  theory  developed  in  Chapter  (HI)  provides 
adequate  information  to  predict  the  behavior  of  micromirror  devices  at  various 
temperatures  and  driving  frequencies.  For  both  cases,  the  square  Flexure-Beam 
micromirror  device  shown  in  Fig.  5-2  will  be  used  to  study  these  effects.  The  data 
collected  at  room  temperature  and  at  low  frequencies  will  be  used  as  a  comparison  for  the 
theoretical  behavior  of  the  device  under  extreme  operating  conditions. 

(5.4.3. 1)  Temperature  Response 

Before  the  effect  of  temperature  is  simulated  on  the  square  Flexure-Beam  device, 
it  should  be  noted  that  this  model  only  accounts  for  the  ideal  change  in  the  elastic 
modulus  of  the  device  materials  as  the  temperature  changes.  At  extremely  low  or  high 
temperatures,  the  elastic  modulus  may  be  significantly  altered  to  the  point  where  the 
analysis  of  simple  thermal  expansion  effects  are  no  longer  valid.  At  these  temperatures, 
however,  the  device  is  most  likely  to  deform  or  become  brittle  due  to  melting  or  freezing 
temperatures  respectively  and  will  therefore  most  likely  not  be  operated  in  these  regions. 
For  most  applications,  the  temperature  effects  of  the  advanced  model  remain  valid. 

The  effect  of  operating  temperature  on  micromirror  devices  in  general  was 
developed  in  Chapter  (HI)  in  which  the  thermal  expansion  coefficients  of  the  materials 
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comprising  a  device  dictated  a  change  in  geometry  with  respect  to  temperature.  This 
change  in  geometry  in  turn  created  new  properties  in  the  actuation  of  the  device  which 
altered  the  characteristic  behavior  curve.  Figure  5-16  illustrates  the  effect  of  ambient 
temperature  on  the  behavior  curve  of  the  square  Flexure-Beam  micromirror  device. 


Figure  5-16.  Simulated  temperature  response  of  the  square  Flexure-Beam  device. 


These  behavior  curves  are  simulated  using  the  advanced  model  because  the  experimental 
setup  did  not  allow  for  changes  in  ambient  temperature  large  enough  to  produce 
measurable  changes  in  the  behavior  of  the  micromirror  devices  under  test.  It  is  easy  to 
see,  however,  that  the  device  will  become  more  flexible  as  the  temperature  increases  such 
that  lower  voltages  are  required  to  achieve  a  desired  deflection  distance.  The  effect  of  this 
temperature  dependence  does  not  appear  to  be  a  significant  portion  of  the  advanced  model 
since  only  6  nm  of  variance  is  predicted  for  typical  operational  temperatures  ranging  from 
77°K  to  673°K  for  the  square  Flexure-Beam  device.  However,  smaller  devices  may 
exhibit  proportionately  greater  effects  due  to  the  operating  temperature. 
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(54.3.2)  Frequency  Response 


Similarly,  the  frequency  effects  of  the  advanced  model  had  to  be  simulated 
because  the  experimental  setup  does  not  provide  accurate  behavior  curves  for  devices 
actuated  at  frequencies  above  5  kHz  which  is  much  less  than  the  resonant  frequency  of 
the  square  Flexure-Beam  micromirror  device.  Therefore,  no  significant  characteristics  of 
the  effects  of  driving  frequency  would  be  observed.  Figure  5-17  illustrates  the  simulated 
effects  generated  by  the  advanced  model  which  demonstrate  that  the  address  potential 
decreases  as  the  driving  frequency  approaches  resonance. 


Figure  5-17.  Simulated  frequency  response  of  the  square  Flexure-Beam  device. 


The  resonant  frequency  of  the  device  is  calculated  using  Eq.  (3.69)  in  which  the  total 
mass  of  the  mirror,  M,  is  found  to  be  4.80X1011  kg  as  calculated  from  the  volume  and 
densities  of  the  polysilicon  and  gold  that  comprise  the  mirror.  Using  the  spring  constant 
that  was  experimentally  evaluated  for  this  device,  k  =  2.6  Nmr1,  the  resonant  frequency, 
f0,  is  found  to  be  approximately  37  kHz  which  is  well  within  the  operating  limits  of  many 
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applications  of  micromirror  devices.  Therefore,  precautions  must  be  taken  to  prevent 
excessive  responses  from  similar  devices  such  that  the  driving  frequency  is  maintained 
below  resonance.  For  higher  frequency  applications,  the  mass  of  the  mirror  or  the  spring 
constant  of  the  device  must  be  altered  to  increase  the  operating  range  of  frequency. 

(5.43.3)  Fringing  Losses 

Due  to  the  size  of  the  square  Flexure-Beam  device,  no  significant  fringing  losses 
were  observed.  However,  for  smaller  devices  with  relatively  long  flexures,  the  difference 
between  the  ideal  and  advanced  model  becomes  more  significant  as  shown  in  Fig.  5-18. 


Figure  5-18.  Simulated  fringing  losses  of  a  small  Flexure-Beam  micromirror  device. 


It  is  easy  to  see  that  as  the  mirror  area  of  the  device  decreases,  the  ideal  behavior  model 
given  in  Eq.  (3.19)  becomes  less  accurate.  Therefore,  the  advanced  model  must  be  used 
to  incorporate  fringing  losses  in  the  characteristic  behavior  of  the  device. 
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(5.5)  Variance  of  Flexure-Beam  Behavior 


The  models  used  to  describe  the  behavior  of  micromirror  devices  incorporate  a 
statistical  assumption  that  all  the  devices  with  the  same  design  will  exhibit  similar 
behavior  characteristics.  The  standard  deviation  of  the  behavior  of  these  devices 
decreases  as  the  quality  of  the  fabrication  process  increases  such  that  an  ideal  fabrication 
process  would  produce  devices  that  behaved  identically  to  those  of  the  same  design. 

Unfortunately,  variances  in  the  fabrication  process  or  other  uncontrollable 
conditions  create  discrepancies  in  the  behavior  of  similar  devices.  In  order  to  apply  a 
model  based  on  this  statistical  assumption,  it  is  desirable  to  determine  how  well  the 
behaviors  of  similar  devices  conform  to  some  average  behavior  for  a  given  design.  To  do 
so,  several  sets  of  observations  were  made  that  would  ideally  produce  no  variation 
between  measurements.  Realistically,  however,  this  is  known  to  be  erroneous  and 
deviation  analysis  must  be  performed  on  the  set  of  experimental  data  to  determine  the 
relative  coherence  of  the  observations. 

The  deviation  analysis  performed  on  the  characteristic  behavior  curves  of  the 
Flexure-Beam  micromirror  devices  was  simply  a  tracing  of  the  maximum  and  minimum 
deflection  distances  observed  for  a  range  of  address  potentials.  Since  each  characteristic 
curve  represents  a  continuos  set  of  behavior  for  a  particular  device,  error  bars  depicting 
the  standard  deviation  at  a  known  potential  are  not  applicable  since  hundreds  of  points  are 
used  to  construct  each  curve  and  the  exact  values  of  each  address  potential  are  not 
necessarily  shared  between  characteristic  curves.  As  a  result,  the  range  of  experimental 
data  must  be  shown  together  with  the  averaged  behavior  curve  in  order  to  depict  the  result 
of  averaging  these  samples.  Furthermore,  the  observed  behavior  curves  illustrate  the 
standard  deviation  of  these  samples  by  outlining  the  highest  and  lowest  deflection 
distances  observed  throughout  the  entire  range  of  address  potentials.  Therefore,  the 
coherence  of  the  experimental  data  decreases  as  the  behavior  curves  spread  apart. 
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(5.5.1 )  Variance  of  the  Experimental  System 

In  order  to  accurately  evaluate  the  variance  of  micromirror  device  behavior,  the 
variance  due  to  noise  in  the  experimental  system  must  first  be  established.  To  do  so,  five 
measurements  were  made  within  a  several  seconds  at  the  flexures  of  a  single  device.  The 
variance  of  these  behavior  curves  represents  the  noise  of  the  measurements.  As 
illustrated  in  Fig.  5-19,  the  range  of  experimental  data  is  tightly  grouped  together  about 
the  averaged  behavior  of  the  measurement. 


Figure  5-19.  Range  of  experimental  data  from  a  single  square  Flexure-Beam  device. 


The  deviation  of  the  observed  behavior  at  the  peak  address  potential  is  relatively  small, 
approximately  4  nm,  which  indicates  the  precision  of  the  setup.  Much  of  the  noise 
induced  in  these  measurements  stems  from  the  limitations  of  the  software  to  process  the 
input  and  output  signals  from  the  oscilloscope.  The  effects  of  high  frequency  noise  are 
compounded  by  the  numerical  precision  of  the  analysis  software  which  propagates  very 
low  amplitude  perturbations  in  the  signals.  Although  the  captured  traces  are  averaged 


5-30 


between  periods  to  reduce  noise,  the  software  remains  quite  sensitive  to  the  minimum  and 
maximum  output  values  which  are  used  to  evaluate  the  remainder  of  the  deflection  array. 

(5.5.2 )  Variance  of  the  Square  Flexure-Beam  Device 


Similarly,  one  measurement  was  made  at  a  flexure  on  the  mirror  surface  of  five 
square  Flexure-Beam  devices  in  order  to  test  the  variance  of  an  array  of  these 
micromirrors.  Figure  5-20  shows  these  measurements  along  with  the  average  behavior. 


Figure  5-20.  Range  of  experimental  data  for  several  square  Flexure-Beam  devices. 


The  range  of  data  is  more  spread  out  which  indicates  that  the  mirrors  do  not  conform  to 
identical  behavior.  At  the  peak  actuation  potential,  a  span  of  nearly  20  nm  was  observed 
between  the  maximum  and  minimum  deflections.  Since  the  flexures  of  these  device  were 
adequately  adapted  to  the  fabrication  grid,  this  degree  of  error  can  be  expected  for  all 
devices  fabricated  in  this  process  since  the  cause  of  this  variance  is  most  likely  the  sum  of 
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several  uncontrollable  factors  such  as  fabrication  material  residues  or  inhomogeneous 
distributions  of  stress  due  to  thermal  annealing  of  the  material  layers  forming  the  devices. 


(5.5.3 )  Variance  of  the  Hexagonal  Flexure-Beam  Device 

Since  the  flexures  of  the  hexagonal  micromirrors  were  observed  to  be  noticeably 
distorted  along  one  side  of  the  device,  it  is  expected  that  these  micromirrors  will  display  a 
significant  degree  of  variation.  It  is  also  anticipated  that  these  mirrors  will  not  deflect 
uniformly  along  the  surface  of  the  mirror.  Figure  5-21  shows  the  deflection  measured  at 
the  three  comers  of  a  hexagonal  micromirror  at  which  the  flexures  are  attached. 


Figure  5-21.  Behavior  of  a  hexagonal  FBMD  at  the  position  of  each  flexure. 

As  expected,  the  comer  of  the  mirror  attached  to  the  widened  flexure  requires 
significantly  more  address  potential  to  achieve  the  same  deflection  as  the  other  two 
comers  which  are  also  unequally  deflected.  Since  the  distortion  of  the  flexures  was  due 
to  a  systematic  rounding  of  the  grid  spacing  used  to  fabricate  the  devices,  it  is  expected 
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that  the  majority  of  hexagonal  devices  will  exhibit  this  behavior  since  the  other  flexures 
supporting  them  are  distorted  in  a  similar  manner.  Six  other  devices  were  tested  which 
also  tilt  to  some  degree  as  the  mirror  is  deflected  downward. 

The  experimental  data  observed  from  these  seven  hexagonal  micromirrors  was 
used  to  compare  the  variance  of  the  deflection  between  different  devices.  As  illustrated 
in  Fig.  5-22,  the  deflection  of  these  devices  is  significantly  spread  out  such  that  the  peak 
address  potential  produces  a  span  of  more  than  50  nm  between  the  high  and  low  values. 


Figure  5-22.  Range  of  experimental  data  for  several  hexagonal  Flexure-Beam  devices. 


Using  a  X  =  632.8  nm  laser,  the  error  associated  with  the  peak  address  potential  is 
approximately  18  %  of  the  active  deflection  range  of  the  device.  Under  these  conditions, 
it  is  most  likely  that  this  device  would  not  be  used  in  the  application  for  which  it  was 
designed  and  would  be  considered  a  fabrication  failure.  Since  only  seven  out  of  hundreds 
of  similar  devices  were  sampled,  it  is  likely  that  numerous  other  devices  demonstrate 
behavior  curves  of  equal  or  greater  variance  than  those  observed. 
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(5.6)  Device  Reliability 


The  reliability  of  micromirror  devices  was  tested  by  obtaining  initial  characteristic 
behavior  curves  for  specific  devices  and  comparing  them  to  curves  obtained  after  some 
actuation  period.  The  square  Flexure-Beam  micromirror  device  shown  in  Fig.  5-2  was 
driven  with  a  variety  of  sinusoidal  input  signals  through  the  full  range  of  motion  for  the 
device.  The  frequency  of  the  actuation  ranged  from  5  kHz  to  45  kHz  for  a  duration  of 
approximately  IVi  hours  which  generated  between  135  million  and  1.2  billion  oscillations 
of  the  device.  A  comparison  of  the  two  characteristic  curves  for  each  driving  frequency 
indicates  that  the  behavior  of  the  device  is  unchanged  such  that  the  curves  were  within  the 
deviation  of  the  experimental  system.  Similar  experiments  were  conducted  on  all  other 
designs  of  micromirrors  in  this  thesis  which  produced  the  same  results. 
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(VI)  Summary  and  Conclusions 


The  research  of  this  thesis  has  produced  several  models  and  characterizations  of 
micromirror  devices  including  an  advanced  model  for  Flexure-Beam  devices  that 
includes  the  physical  effects  of  the  devices  and  operating  conditions.  This  chapter 
summarizes  the  findings  of  this  research  by  highlighting  the  most  significant  observations 
concerning  the  design,  fabrication,  modeling,  and  testing  of  micromirror  devices.  Several 
suggested  improvements  and  future  research  ideas  are  also  presented. 

(6.1)  Thesis  Summary 

In  the  design  of  surface-micromachined  micromirror  devices,  several  key 
considerations  emerged  that  affect  the  operation  and  capability  of  the  devices.  It  was 
found  that  the  surface  topology  was  significantly  interrupted  by  the  sharp  edges  created 
by  the  masking  of  lower  layers.  As  the  intermediate  layers  were  deposited,  they 
conformed  to  the  previous  layer  such  that  dips  in  the  surface  of  the  mirrors  relative  to  the 
thickness  of  the  previous  layer  were  observed  where  the  Poly-0  had  been  removed  in  the 
forming  of  address  wires  and  electrodes.  This  effect  can  alter  the  behavior  of 
micromirror  devices  by  changing  the  physical  properties  of  the  flexures  such  that  one  may 
behave  differently  from  another  which  would  cause  the  mirror  to  tilt  as  it  deflected. 
Likewise,  the  mirror  itself  can  be  affected  by  the  conforming  nature  of  deposited  layers 
such  that  the  reflective  surface  appears  discontinuous. 

The  primary  concern  in  designing  micromirror  devices  is  the  desire  to  achieve  a 
specified  range  of  deflection  with  low  address  potentials.  The  voltage  required  to  actuate 
some  devices  can  be  extremely  high  such  that  the  device  is  virtually  unusable  in  many 
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applications.  In  order  to  overcome  this  problem,  the  micromirrors  in  this  thesis  were 
designed  with  a  large  surface  area  (~  3,000  pm2)  and  very  long  flexures  (~  100  pm)  so 
that  the  address  potential  required  to  actuate  them  remained  on  the  order  of  several  or  tens 
of  volts  rather  than  hundreds  as  would  be  the  case  for  much  smaller  mirrors  or  flexures. 
Devices  of  this  size,  however,  are  quite  massive  such  that  the  resonant  frequency  is 
significantly  lower  (~  30  kHz)  than  that  of  much  smaller  devices  (~  1  MHz). 

It  was  observed  that  the  interference  due  to  cross-talk  did  not  significantly  affect 
the  behavior  of  the  square  Flexure-Beam  micromirrors,  shown  in  Fig.  5-2,  that  were  the 
primary  focus  of  the  advanced  model.  For  other  devices,  however,  reducing  the  mirror 
surface  area  can  increase  the  interference  between  devices  as  will  reducing  the  spacing 
between  them.  Before  an  array  of  micromirror  devices  can  be  designed,  the  maximum 
cross-talk  tolerance  should  be  identified  which  corresponds  to  a  minimum  separation 
distance  between  devices  of  a  given  surface  area. 

The  micromirror  devices  studied  in  this  thesis  were  fabricated  by  the 
Microelectronics  Corporation  of  North  Carolina  (MCNC)  using  the  ARPA-sponsored 
Multi-User  Mems  ProcesS  (MUMPS)  fabrication  service.  This  polysilicon  process  has 
one  address  layer,  Poly-0,  two  releasable  layers,  Poly-1  and  Poly-2,  and  uses  silicon 
dioxide  as  the  sacrificial  material.  All  micromechanical  devices  are  fabricated  on  an 
initial  layer  of  silicon  nitride  for  substrate  isolation.  The  fabrication  results  of  the  devices 
designed  in  this  thesis  were  excellent  such  that  all  devices  behaved  as  anticipated.  The 
only  exception  was  the  effect  of  the  grid  spacing  on  the  flexures  of  the  hexagonal  mirrors 
which  caused  the  devices  to  resist  the  electrostatic  actuation  more  than  expected  since  the 
flexures  were  slightly  widened  from  2  pm  to  approximately  2.2  pm.  This  problem  can  be 
corrected  in  future  fabrication  runs  by  simply  snapping  the  devices  to  the  proper  grid 
spacing  in  the  layout  editor  and  shaping  the  angles  of  the  flexures  within  the  grid. 

The  ideal  models  developed  in  this  thesis  appear  to  describe  the  behavior  of  the 
Flexure-Beam  and  Cantilever  devices  quite  well.  Unfortunately,  these  models  require  a 
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calibration  of  the  device  in  order  to  establish  the  spring  constant  that  describes  its 
behavior.  As  a  result,  the  advanced  model  was  designed  to  determine  this  constant  from 
the  information  provided  by  the  foundry  such  that  no  measurements  must  be  taken.  The 
model  includes  the  realistic  effects  of  fringing  electric  fields,  cross-talk  between  devices, 
ambient  temperature,  driving  frequency,  and  surface  deformations  of  the  mirror. 
Although  the  model  properly  includes  the  effects  of  these  physical  principles,  the  formula 
which  determines  the  spring  constant  of  the  flexures  does  not  include  the  effects  of  how 
the  flexures  are  shaped.  According  to  this  formula,  all  flexures  having  the  same  length, 
width,  thickness,  and  material  properties  should  behave  the  same.  As  observed  with 
some  of  the  torsion-style  Cantilever  devices,  however,  this  may  not  be  true  if  the  flexures 
are  shaped  differently.  As  a  result,  the  model  falls  short  of  completeness  based  on  the 
determination  of  the  spring  constant  for  a  given  device.  Similarly,  the  extraction  of  the 
thin-film  elastic  modulus  for  the  flexures  contains  the  same  error  in  the  measurement. 

The  experimental  setup  used  to  measure  the  behavior  of  the  devices  in  this  thesis 
seems  to  work  quite  well  such  that  the  characteristic  curve  can  be  generated  from  the 
interference  pattern  observed  by  the  detector  with  a  50  dB  signal-to-noise  ratio.  This 
corresponds  to  less  than  one  percent  error  in  the  generation  of  the  deflection  curve  versus 
address  potential  using  a  X  =  632.8  nm  laser  which  was  verified  with  a  measured  variance 
of  approximately  4  nm  for  a  given  measurement.  Several  problems  created  by  the  nature 
of  the  system  must  be  corrected  in  the  software  used  to  compute  the  behavior  curves  such 
as  calibrating  the  deflection  curve  so  that  the  deflection  is  zero  when  no  address  potential 
is  applied.  All  significant  problems  were  adequately  corrected  in  the  analysis  software. 

(6.2)  Suggested  Improvements 

After  nearly  two  years  of  micromirror  research,  it  has  become  evident  that  certain 
factors  in  the  design,  fabrication,  modeling,  and  testing  of  micromirror  devices  are  far 
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more  important  than  others  or  are  simply  vital  to  the  success  of  the  research.  The 
expertise  gained  throughout  the  completion  of  this  research  and  others  must  be  passed  to 
the  follow-on  researchers  so  that  the  net  accumulation  of  knowledge  of  the  subject  matter 
continues  to  expand  rather  than  be  recreated.  For  this  reason,  suggested  improvements 
are  provided  as  a  beginning  for  other  engineers  continuing  micromirror  research. 

(6.2.1 )  Control  of  the  Fabrication  Process 

In  the  design  and  implementation  of  micromirror  devices,  probably  the  most 
significant  means  of  improvement  for  the  future  would  be  to  gain  control  of  the 
fabrication  process.  In  the  past,  the  fabrication  of  devices  was  dependent  upon  a  single 
foundry  in  which  no  manipulation  of  the  fabrication  process  is  allowed.  As  a  result,  the 
ability  to  design  micromirror  devices  with  specific  capabilities  and  features  is  limited. 

For  instance,  one  of  the  most  common  considerations  in  the  design  process  of 
micromirror  devices  is  the  desire  to  keep  the  address  potential  low  while  maximizing  the 
active  area  of  an  array  of  devices.  In  order  to  lower  the  voltage  required  to  actuate  many 
devices,  however,  the  flexures  supporting  them  had  to  be  significantly  lengthened  to  the 
extent  that  much  of  the  layout  was  devoted  to  the  flexures  rather  than  to  the  mirrors. 
With  no  control  of  the  fabrication  process,  this  sacrifice  had  to  be  made  in  order  to  avoid 
very  large  address  potentials.  However,  if  the  thickness  of  the  flexures  was  even  slightly 
reduced,  the  resulting  change  in  the  spring  constant  of  the  device  would  be  such  that 
much  smaller  flexures  could  be  used  to  support  the  device  which  would  require 
significantly  less  voltage  to  achieve  a  desired  deflection.  Therefore,  by  reducing  the 
thickness  of  only  one  deposited  layer  in  the  fabrication  process,  two  significant  design 
considerations  can  be  met.  Control  of  other  factors  such  as  the  number  of  releasable 
layers  or  the  type  of  metal  used  in  the  fabrication  process  could  be  equally  advantageous. 
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(6.2.2)  Better  Test  Equipment 


One  of  the  main  sources  of  noise  in  the  experimental  system  is  the  test  equipment 
such  as  the  signal  generator  and  the  input  and  output  signal  amplifiers.  The  WaveTek 
signal  generator  has  a  maximum  wave  form  amplitude  of  only  1 1  volts  making  the  input 
amplifier  necessary.  Furthermore,  the  DC  bias  control  on  the  generator  is  limited  such 
that  the  signal  does  not  achieve  a  completely  positive  wave  form  making  the  voltage 
shifter  within  the  amplifier  necessary.  A  high-voltage  signal  generator  would  make  the 
input  amplifier  obsolete  and  would  allow  for  direct  manipulation  of  the  DC  offset  of  the 
signal.  This  would  reduce  much  of  the  noise  and  capacitive  delay  of  the  test  signals  by 
eliminating  its  primary  source,  the  transformer  and  voltage  shifter  of  the  input  amplifier. 

Likewise,  the  transimpedance  amplifier  used  to  convert  the  detector  current  to  the 
output  signal  is  a  home-made  circuit  that  possesses  somewhat  limited  characteristics.  It 
would  be  desirable  to  acquire  a  commercially-made  amplifier  that  has  a  pre-amp  stage  for 
noise  reduction.  It  is  hoped  that  this  amplifier  would  not  display  some  of  the  capacitive 
side-effects  observed  in  the  existing  circuit  which  must  be  corrected  in  the  software. 

Finally,  the  objective  used  on  the  microscope  has  a  beam  splitter  within  its  optical 
path  in  order  to  let  light  enter  from  an  aperture  located  on  the  side  of  the  objective.  It  has 
been  observed  that  this  objective  contains  some  amount  of  particulate  matter  that  could 
possibly  alter  the  properties  of  a  portion  of  the  light  passing  through  the  splitter.  A  new 
or  rebuilt  objective  would  be  a  good  improvement  for  the  system. 

(6.2.3)  Fourier  Transform  Noise  Analysis 

In  order  to  obtain  better  characteristic  curves  of  device  behavior,  it  is  suggested 
that  a  discrete  Fourier  transform  be  used  to  convert  the  time  domain  data  to  its  frequency 
transform  at  which  point  the  high-frequency  noise  and  other  discontinuities  can  be 
removed.  These  transforms  could  easily  be  added  to  the  analysis  software. 
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First,  several  periods  of  the  input  and  output  traces  are  captured  from  the 
oscilloscope  and  averaged  within  each  period  as  previously  described.  After  translating 
and  shifting  the  traces  so  that  the  first  point  corresponds  to  the  starting  test  voltage,  the 
arrays  of  points  are  then  concatenated  with  themselves  so  that  a  new  array  exists  for  each 
signal  that  contains  ten  identical  periods  forming  a  continuous  trace.  With  these  new  data 
arrays,  the  first  transform  is  used  to  convert  the  points  to  the  frequency  domain  such  that 
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where  F(n)  is  the  frequency  data  array  and  its  index,  f(k)  is  the  time  data  array  and  its 
index,  and  N  is  the  total  number  of  points  in  each  index.  The  frequency  arrays  contain 
complex  numbers  whose  magnitude  represents  the  significance  of  a  given  frequency  on 
the  original  signal.  The  frequency  step  between  each  point  in  the  new  arrays  is  given  by 
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where  At  is  the  time  step  between  points  in  the  time  array  and  TSpan  is  the  total  time  span 
represented  in  the  original  arrays.  Since  the  time  domain  arrays  contain  ten  identical 
periods,  the  frequency  arrays  will  contain  peaks  at  every  tenth  frequency  interval.  The 
high  frequency  peaks  represent  noise  in  the  signal  while  non-zero  values  at  frequencies 
other  than  multiples  of  ten  are  indicative  of  random  discontinuities.  By  defining  a 
frequency  threshold  above  which  the  points  are  set  to  zero,  the  noise  is  filtered  from  the 
data.  Likewise,  the  points  at  frequencies  other  than  multiples  of  ten  are  also  set  to  zero. 
At  this  point,  the  reverse  transform  is  used  to  return  the  data  to  the  time  domain  such  that 
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which  will  most  likely  produce  complex  numbers  since  the  frequency  domain  data  was 
manually  altered.  The  magnitude  of  these  arrays  represents  the  time  domain  data  which  is 
then  averaged  between  the  ten  periods  of  the  array  to  produce  a  final  period  of  input  and 
output  data.  This  data  should  maintain  the  primary  characteristics  of  the  original  traces 
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with  only  sharp  discontinuities  and  high-frequency  noise  removed.  It  should  be  noted 
that  this  analysis  on  an  ideal  sine  wave  input  signal  will  produce  only  one  non-zero  point 
in  the  frequency  domain.  This  technique  can  be  used  to  idealize  the  drive  signal  to 
generate  more  continuous  plots  of  deflection  versus  address  potential. 

(6.2.4)  Using  a  DC  Bias 

In  the  operation  and  testing  of  micromirror  devices,  the  best  range  of  actuation 
does  not  necessarily  start  at  zero  voltage.  Since  the  full  range  of  motion  of  most 
micromirror  devices  is  significantly  greater  than  the  range  of  desired  deflection  distance, 
a  bias  can  be  added  to  the  address  signal  to  shift  the  operation  up  the  behavior  curve. 


The  resulting  range  of  deflection  of  the  device  still  provides  2n  modulation,  but  the 
starting  deflection  is  no  longer  at  the  resting  position.  At  some  new  starting  voltage,  V0, 
the  resting  deflection  is  d0  which  can  be  calibrated  simply  by  setting  the  bias  level.  The 
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most  significant  change  in  the  operational  characteristics  of  the  device  is  the  reduction  of 
the  amplitude  of  the  drive  signal.  The  original  address  potential  ranged  from  zero  to  V2n 

which  requires  a  large  sinusoidal  drive  signal.  After  adding  a  bias,  the  drive  signal  is 
shifted  to  a  range  from  V0  to  V'2n  which  significantly  reduces  the  amplitude  of  the  signal. 

In  addition,  the  effects  of  cross-talk  and  device  instability  which  are  only  present  at  very 
low  address  potentials  can  be  eliminated  since  the  device  remains  actuated. 

(6.3 )  Suggested  Future  Research 

As  is  typical  in  most  fields  of  engineering,  the  number  of  possible  research 
endeavors  significantly  outnumbers  those  than  can  be  adequately  studied  with  the 
resources  available.  For  this  reason,  several  specific  research  topics  are  highlighted 
which  are  considered  the  most  significant  of  those  under  consideration.  The  suggested 
research  described  in  this  chapter  is  intended  to  provide  an  idea  of  what  is  considered 
important  if  this  research  is  to  continue  in  the  near  future. 

(6.3.1)  Hidden  Flexure  Devices 

As  described  above,  gaining  control  of  the  fabrication  process  is  most  likely  the 
single  greatest  improvement  which  can  be  made  of  the  current  micromirror  research.  In 
doing  so,  the  possibility  arises  to  design  and  fabricate  devices  that  have  new  modes  of 
operation  and  significantly  more  benefits  than  current  designs.  Among  these  devices  are 
hidden  flexure  micromirrors  in  which  the  flexures  supporting  the  mirrors  are  located 
beneath  the  mirror.  As  a  result,  neighboring  devices  can  be  placed  immediately  adjacent 
to  each  other  such  that  no  active  area  of  the  chip  is  lost  to  support  posts  or  flexures.  The 
optical  efficiency  of  an  array  of  these  micromirrors  would  be  significantly  greater  than 
those  of  current  device. 
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The  commercial  fabrication  process  currently  used  has  only  two  releasable  layers 
from  which  to  form  the  device.  Therefore,  the  hidden  flexures  must  be  made  from  the 
Poly-1  layer  which  is  the  second  layer  of  polysilicon.  The  mirror  is  attached  to  the 
flexures  at  the  comer  of  the  device  by  a  Poly  1-2  Via  that  removes  the  oxide  spacer 
immediately  after  the  deposition  and  masking  of  the  Poly-1  layer.  As  the  Poly-2  is 
deposited,  it  conforms  to  the  via  cut  thereby  joining  with  the  flexure.  Figure  6-2  shows  a 
hypothetical  device  as  it  would  look  using  the  current  fabrication  process  from  MCNC. 


Figure  6-2.  Suggested  use  of  Poly- 1  flexures  for  a  hidden  flexure  micromirror  device. 


The  thickness  of  the  Poly-1  layer  is  much  greater  than  Poly-2  which  is  normally  used  to 
make  the  flexures.  As  given  in  Eq.  (3.68),  the  spring  constant  of  the  device  is 
significantly  greater  since  it  is  a  third-order  function  of  the  flexure  thickness.  Therefore, 
the  potential  required  to  activate  this  device  would  be  much  greater.  Control  of  the 
fabrication  process,  however,  would  provide  the  freedom  to  make  this  layer  thinner  by 
which  hidden  flexure  devices  could  easily  be  made. 
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(6.3.2)  Temperature  and  Frequency  Effects 


Since  the  experimental  setup  did  not  allow  for  the  direct  testing  of  the  temperature 
and  frequency  effects  on  the  behavior  of  micromirror  devices,  some  other  means  of 
observing  them  should  be  obtained.  For  this  purpose,  a  variation  of  the  experimental 
setup  could  be  made  in  which  the  device  under  test  rests  in  a  temperature  controlled 
chamber  with  a  window  through  which  the  laser  will  pass.  Likewise,  new  signal 
generation  and  amplification  techniques  could  remove  the  frequency  limit  on  the  current 
setup  in  order  to  actuate  the  device  near  resonance. 

(6.3.3)  Shape  of  Flexures  and  Thin-Film  Analysis 

As  observed  with  the  torsion-style  Cantilever  devices,  flexures  of  the  same  length 
do  not  necessarily  behave  the  same  if  they  are  shaped  differently.  For  this  reason,  it  is 
expected  that  the  behavior  of  the  devices  in  Fig.  6-3  would  vary  according  to  their  shape. 


Figure  6-3.  Cantilever  devices  with  various  shapes  of  flexures  having  the  same  length. 


The  flexures  shown  in  Fig.  6-3  are  intended  to  depict  a  variety  of  shapes  and  are  assumed 
to  be  the  same  length.  Since  the  extraction  of  the  thin-film  modulus  of  elasticity  depends 
on  observations  of  a  particular  device,  the  effects  of  the  shape  of  the  flexures  can  be 
propagated  through  the  extracted  value  such  that  an  error  is  introduced  between  devices. 
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In  order  to  remove  this  error  and  allow  for  the  accurate  use  of  the  advanced 
Flexure-Beam  model,  the  spring  constant  must  be  determined  as  a  function  of  the  shape 
of  the  flexure  as  well  as  its  geometric  proportions.  This  should  include  the  analysis  of 
each  segment  of  the  flexure  such  that  the  compound  effect  of  all  forces  and  torques 
produced  within  the  flexure  due  to  actuation  of  the  device  can  be  accounted  for.  For  this 
reason,  a  simplified  method  of  finite  element  analysis  would  be  beneficial  such  that  the 
behavior  of  each  segment  of  the  flexure  is  dependent  on  the  behavior  of  that  segment 
given  the  conditions  at  its  end  points.  As  a  result,  the  analysis  of  each  segment  can  be 
reduced  to  the  beam  theory  used  to  develop  the  current  spring  constant  relationships.  The 
final  value  of  the  spring  constant  would  then  become  a  function  of  the  conditions  at  each 
node  of  the  flexure  which  includes  the  length,  angle,  and  direction  of  its  layout. 

Once  the  actual  spring  constant  is  determined  based  on  the  design  of  the  flexures, 
the  extraction  of  the  thin-film  elastic  modulus  becomes  a  trivial  observation.  As  a  result, 
the  modulus  can  be  measured  using  various  devices  from  different  fabrication  runs  so  that 
a  function  of  the  thin-film  effects  on  the  value  of  the  modulus  of  elasticity  of  the  flexure 
material  can  be  determined.  This  function  will  include  such  parameters  as  the  exact 
density  of  the  flexure  material,  the  temperature  at  which  the  device  was  annealed,  and  the 
resulting  stress  induced  in  the  structure  due  to  the  various  steps  of  the  fabrication  process. 
This  information  can  be  provided  by  the  foundry  for  each  fabrication  run. 
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PROGRAM  ScopeTraces; 

Uses  CRT,  DOS; 

CONST 

MaxChartPoints  =  250; 

WaveLength  =  632.8;  {  Deflection  is  calculated  in  nano-meters!  } 

OpsDirectory  =  ' C : \ADRIAN\DMD\OPS 1 ; 

RawDataDirectory  =  ' C : \ADRIAN\DMD\RAWDATA ' ; 

AnalysisDirectory  =  'C:\ADRIAN\DMD\ANALYSIS'; 

InputSignalFileName  =  ' INPUT . TXT ' ; 

OutputSignalFileName  =  ’OUTPUT.TXT'; 

HeaderFileName  =  1  HEADER . TXT ’ ; 

MaxNumberOf Points  =  4000;  {  Points  Per  Acquired  Trace  } 

MaxNumberPerPeriod  =1250;  {  Points  Per  Averaged  Period  } 

MaxNumberOf Periods  =8;  {  Periods  Per  Acquired  Trace  } 

{  Error  Check  These  During  Operation  -  Exit  If  Violated!  } 

TYPE 

DataArrayType  =  ARRAY  [  1  . .  MaxNumberOf Points  +  1  ]  of  REAL; 

VAR 

Input,  Output  :  DataArrayType; 

Time,  FileName,  FileDirectory, 

TestChip,  TestStructure,  PixelLocation  :  STRING [12]; 


NumberPoints ,  PointsCaptured , 

OutputShift,  NumberPerPeriod, 

FunctionalPoints,  NegativelnputPoints  :  INTEGER; 

TimeSpan,  TimePerPoint,  InputFrequency  :  REAL; 

MemoryPointer  :  POINTER; 

Globallndex,  Templndex  :  INTEGER; 

(**********************************************************************) 
FUNCTION  ArcCos  (  InValue  :  REAL  )  :  REAL; 

VAR 

Delta,  TempValue  :  REAL; 

BEGIN 

Delta  :=  SQR(  InValue  ); 

If  Delta  >  1  then  TempValue  :=  99 
ELSE  If  Delta  =  1  then 

TempValue  :=  InValue  *  (  PI  /  2  ) 

ELSE  TempValue  :=  ArcTan(  InValue  /  SQRT (  1  -  Delta  )  ); 

ArcCos  :=  (  PI  /  2  )  -  TempValue; 

END; 

(****★*****************************************************************) 
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(**********************************************************************) 
PROCEDURE  GetOps Information; 

{  This  program  evaluates  the  Date,  Time,  and  output  FileName  that  } 

{  will  be  used  by  the  other  procedures  throughout  this  program.  } 

VAR 

Year,  Month,  Day,  DayofWeek, 

Hour,  Minute,  Second,  SeclOO  :  WORD; 

DayString,  Monthstring,  Yearstring  :  STRING [4]; 

BEGIN 

GetDate(Year, Month, Day, DayofWeek) ; 

GetTime (Hour, Minute, Second, SeclOO ) ; 

Year  :=  Year  -  1900; 

Case  Month  of 


1 

Monthstring 

:  =  ' JAN ' ; 

2 

Monthstring 

: =  ' FEB 

3 

Monthstring 

:  =  ' MAR ' ; 

4 

Monthstring 

:=  'APR 

5 

Monthstring 

:  =  ' MAY ' ; 

6 

Monthstring 

:=  'JUN 

7 

Monthstring 

:  =  ' JUL ' ; 

8 

Monthstring 

: =  ' AUG 

9 

Monthstring 

: =  ' SEP ' ; 

10 

Monthstring 

:=  'OCT 

11 

Monthstring 

: =  ' NOV ' ; 

12 

Monthstring 

: =  ' DEC 

END; 

STR(Hour*100+Minute, Time) ; 

STR( Year, Yearstring) ; 

STR(Day, DayString) ; 

If  Length(DayString)  =  1  then  Insert ( 1 0 ’, DayString, 1 ) ; 

FileDirectory  :=  CONCAT (DayString, Monthstring, Yearstring) ; 

END; 

(it*********************************************************************) 

PROCEDURE  SelectOutputFile ; 

VAR  TraceLetter  :  CHAR; 

Filelnfo  :  SearchRec;  {  Internally  Declared  DOS  Record  Type  } 

{  This  procedure  searches  for  files  with  the  current  output  file  name  } 
{  to  avoid  overwriting  them,  selects  the  new  file  name,  and  searches  } 
{  for  the  appropriate  file  directory.  If  the  directory  is  not  found,  } 
{  it  is  created  using  the  file  name  under  the  RAWDATA  root  directory.  } 

BEGIN 

WRITELN; 

WRITE ( ’Selecting  Output  File  Name  ...  ' ) ; 

Delay (1000) ; 

ChDir (AnalysisDirectory ) ; 

FindFirst (FileDirectory , Directory, Filelnfo) ; 

If  DosError  <>  0  then 
BEGIN 

MkDir (FileDirectory ) ; 

ChDir (RawDataDirectory) ; 

MkDir (FileDirectory) ; 

END; 
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ChDir (FileDirectory ) ; 

FileName  : =  FileDirectory; 

FindFirs t ( CONCAT ( FileName , ’ ?.CSV' ) , AnyFile, Filelnfo) ; 

Case  DosError  of 
0  :  BEGIN 

{  The  TraceLetter  is  assigned  as  the  the  character  found  } 
{  immediately  after  the  date  of  the  filename.  For  example,  ] 
{  the  file  ' 10 JAN95a . CSV 1  would  return  the  'a1  character.  } 

{  The  following  WHILE  loop  searches  all  the  files  in  the  } 
{  given  directory  to  find  the  highest  trace  letter  index.  } 

TraceLetter  :=  Filelnfo . Name [ 8 ] ; 

While  DosError  =  0  DO 
BEGIN 

FindNext (Filelnfo) ; 

If  Filelnfo. Name [8]  >  TraceLetter  then 
TraceLetter  :=  Filelnfo . Name [ 8 ] ; 

END; 

INC (TraceLetter) ; 

END; 

18  :  TraceLetter  : =  'A'; 

END; 

FileName  :=  CONCAT (FileName, TraceLetter , ’ .CSV' ) ; 


END; 


PROCEDURE  GetHeaderData; 


VAR  HeaderFile 

TimeUnitMagnitude 
DataTransferValue 
Header Index,  Error 


TEXT; 

REAL; 

STRING; 

INTEGER; 


{  This  procedure  evaluates  the  PointsCaptured  and  TimeSpan  by  reading  } 
{  the  values  from  the  header  file  generated  by  the  WAVETRAN  program.  } 


BEGIN 


WRITELN ; 

WRITELN ; 

WRITE ( ’Reading  Header  Information  ...  '); 

Delay ( 1000 ) ; 

ChDir (RawDataDirectory) ; 

Assign (HeaderFile, HeaderFileName) ; 

RESET (HeaderFile) ; 

For  Headerlndex  :=  1  to  6  DO  READLN ( HeaderFile ) ; 
READLN ( HeaderFile , DataTransferValue ) ; 

Delete (DataTransferValue, 1,59); 

Headerlndex  :=  1; 

REPEAT 

If  DataTransferValue [Headerlndex]  =  '  '  then 

Delete (DataTransferValue, Headerlndex, 1) 

ELSE  INC ( Headerlndex ) ; 

Until  Headerlndex  =  Length(DataTransf erValue)  +  1; 
VAL (DataTransferValue, PointsCaptured, Error) ; 
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For  Headerlndex  :*=  1  to  11  DO  READLN (HeaderFile) ; 
READLN ( HeaderFile , DataTransf erValue ) ; 

Delete (DataTransferValue, 1,59); 

TimeUnitMagnitude  :  =  0; 

Headerlndex  :=  1; 

REPEAT 

Case  DataTransferValue [Headerlndex]  of 
:  BEGIN 

Case  DataTransferValue [Headerlndex+l]  of 


's' 

:  TimeUnitMagnitude 

1; 

’m’ 

:  TimeUnitMagnitude 

:=  le-3; 

1  u  ’ 

:  TimeUnitMagnitude 

le-6; 

'n' 

:  TimeUnitMagnitude 

:=  le-9; 

'P' 

END; 

:  TimeUnitMagnitude 

:=  le-12; 

DataTransferValue  COPY (DataTransf erValue, 1, Headerlndex- 1) ; 

END; 

:  If  Headerlndex  =  1  then  Insert (' 0 ' , DataTransf erValue, 0 ) ; 

END; 

INC (Headerlndex) ; 

Until  DataTransferValue [Headerlndex- 1]  = 

VAL ( DataTransferValue ,  TimeSpan, Error) ; 

TimeSpan  :=  TimeSpan  *  10  *  TimeUnitMagnitude; 

Close(HeaderFile) ; 

END; 

(**★*******************************************************************) 
PROCEDURE  FixInputSignal; 

VAR  Fixlndex  :  INTEGER; 

DiodeVoltageDrop,  Minimum  :  REAL; 

{  This  procedure  is  only  used  when  the  input  signal  is  AC  coupled  to  } 

{  the  oscilloscope  due  to  the  limiting  range  of  the  vertical  shift.  ] 

BEGIN 

WRITELN; 

WRITELN ; 

WRITE ('Diode  Voltage  Drop:  '); 

READLN (DiodeVoltageDrop) ; 

WRITELN; 

WRITE ( 1  Shifting  AC  Input  To  DC  Signal  .  .  .  ’); 

DiodeVoltageDrop  :=  ABS (DiodeVoltageDrop ) ; 

Minimum  Input[100]; 

For  Fixlndex  100  to  NumberPoints  -  100  DO 

If  Input [Fixlndex]  <  Minimum  then  Minimum  :=  Input [Fixlndex] ; 

WRITELN; 

WRITELN; 

WRITELN ( ’Old  Min  :  Minimum : 8 : 8 ) ; 

WRITELN; 

For  Fixlndex  :=  1  to  NumberPoints  DO 

Input [Fixlndex]  Input [Fixlndex]  -  Minimum  -  DiodeVoltageDrop; 

Minimum  :=  Input [ 100 ]; 

For  Fixlndex  :=  100  to  NumberPoints  -  100  DO 

If  Input [Fixlndex]  <  Minimum  then  Minimum  :=  Input [Fixlndex] ; 
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WRITELN ( 'New  Min  : 
WRITELN; 


,  Minimum: 8:8); 


Delay(250) ; 


END; 


PROCEDURE  GetSignalData; 


VAR  SignalFile 

DataTransferValue 
TimePerPoint ,  Minimumlnput 
Signallndex,  Error,  DataPoint 


TEXT; 

STRING; 

REAL; 

INTEGER; 


{  This  procedure  opens  the  input  data  file  and  reads  the  text  value  } 
{  of  each  data  point.  Each  value  is  first  converted  to  its  numeric  } 
{  representation  and  then  loaded  into  the  RawTimeData  array.  } 


BEGIN 


Minimumlnput  :=  0; 

WRITELN; 

WRITELN; 

WRITE ( 'Reading  Signal  Data  ...  ' ) ; 

Delay ( 1000 ) ; 

ChDir (RawDataDirectory) ; 

Assign(SignalFile, InputSignalFileName) ; 

RESET (SignalFile) ; 

DataPoint  :=  0; 

While  (NOT (EOF(SignalFile) ) )  and  (DataPoint  <  MaxNumberOf Points )  DO 
BEGIN 

iNC(DataPoint) ; 

READLN (SignalFile , DataTransferValue ) ; 

Signallndex  :=  1; 

REPEAT 

If  DataTransferValue [Signallndex]  =  '  '  then 

Delete(DataTransf erValue, Signallndex, 1) 

ELSE  INC(Signallndex) ; 

Until  Signallndex  =  Length(DataTransf erValue)  +  1; 

VAL (DataTransferValue, Input [DataPoint] , Error) ; 

If  Error  <>  0  then 
BEGIN 

WRITELN; 

WRITELN ( 1  ****  Error  In  Variable  Conversion!  ****'); 

WRITELN; 

WRITELN ('  STRING  type  variable  read  from  text  file  not  '); 
WRITELN ('  converted  to  REAL  type  numeric  representation!'); 
WRITELN; 

END 

ELSE  If  Input [DataPoint]  <  Minimumlnput  then 
Minimumlnput  :=  Input [DataPoint] ; 

END; 

Close(SignalFile) ; 

NumberPoints  : =  DataPoint; 

If  Minimumlnput  <  -  1  then  FixInputSignal; 
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Assign (SignalFile, OutputSignalFileName) ; 

RESET (SignalFile) ; 

DataPoint  :=  0; 

While  (NOT (EOF ( SignalFile) ) )  and  (DataPoint  <  MaxNumberOf Points )  DO 
BEGIN 

INC (DataPoint ) ; 

READLN ( SignalFile, DataTransf erValue) ; 

Signallndex  :=  1; 

REPEAT 

If  DataTransf erValue [Signallndex]  =  '  '  then 

Delete (DataTransf erValue, Signallndex, 1) 

ELSE  INC(Signallndex) ; 

Until  Signallndex  =  Length (DataTransf erValue)  +  1; 

VAL( DataTransf erValue, Output [DataPoint] , Error) ; 

If  Error  <>  0  then 
BEGIN 

WRITELN; 

WRITELN ( '  ****  Error  In  Variable  Conversion!  ****'); 

WRITELN; 

WRITELN ( '  STRING  type  variable  read  from  text  file  not  '  ); 
WRITELN ('  converted  to  REAL  type  numeric  representation!'); 
WRITELN; 

END; 

END; 

Close(SignalFile) ; 

If  DataPoint  <  NumberPoints  then  NumberPoints  :=  DataPoint; 

TimePerPoint  :=  TimeSpan  /  PointsCaptured; 

WRITELN; 

WRITELN; 

WRITE ( 'Storing  Raw  Data  ...'); 

Delay (1000 ) ; 

ChDir (FileDirectory ) ; 

ASSIGN (SignalFile, FileName) ; 

REWRITE (SignalFile)  ; 

WRITELN (SignalFile) ; 

WRITELN (SignalFile, ' Time, Input , Output ' ) ; 

WRITELN (SignalFile, ' (ms) , (Volts) , (Volts) ' ) ; 

WRITELN (SignalFile) ; 

For  Signallndex  :=  1  to  NumberPoints  DO 
BEGIN 

WRITE(SignalFile, SignalIndex*TimePerPoint*1000 : 6 : 6, ' , ' ) ; 
WRITE(SignalFile, Input [Signallndex] :6:6,','); 

WRITELN(SignalFile, Output [Signallndex] : 6 : 6 ) ; 

END; 

Close(SignalFile) ; 

END; 

(**************************************************★*******************) 
PROCEDURE  WriteOutputHeader ; 

VAR 

OutputFile  :  TEXT; 
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NumberPeriods  :  REAL; 


{  This  procedure  writes  the  header  information  to  the  output  file.  } 
{  The  output  file  will  later  be  appended  with  the  experimental  data.  } 

BEGIN 

WRITELN; 

WRITELN ( ’Writing  Output  Header  Data  ...  '  ) ; 

Delay (1000) ; 

ChDir (CONCAT ( AnalysisDirectory , ’V , FileDirectory ) ) ; 

NumberPeriods  :=  NumberPoints  /  NumberPerPeriod; 

Assign (OutputFile, FileName) ; 

REWRITE (OutputFile) ; 

WRITELN (OutputFile) ; 

WRITELN (OutputFile, ’M  Adrian  Michalicek ' ) ; 

WRITELN (OutputFile) ; 

WRITELN ( OutputFile , 1  Test  Chip : , ,  1 , TestChip ) ; 

WRITELN (OutputFile, 'Test  Structure: , , ’ , TestStructure) ; 

WRITELN (OutputFile, 'Pixel  Location: , , ' , PixelLocation) ; 

WRITELN (OutputFile) ; 

WRITELN (OutputFile, 'Sample  Date: , , ' , FileDirectory ) ; 

WRITELN (OutputFile, 'Sample  Time:,, ',Time); 

WRITELN ( OutputFile ) ; 

WRITELN (OutputFile, 'Points  Captured: , , ' , PointsCaptured) ; 

WRITELN (OutputFile, 'Points  Averaged: , , ' , NumberPoints ) ; 

WRITELN (OutputFile, 'Points  Per  Period: , , ' , NumberPerPeriod) ; 

WRITELN (OutputFile, 'Points  Analyzed: , , ' , FunctionalPoints ) ; 

WRITELN (OutputFile, 'Points  Shifted:,, ' , OutputShift ) ; 

WRITELN (OutputFile) ; 

WRITELN (OutputFile, 'Time  Span  (ms) : , , ' , TimeSpan*1000 : 4 :4) ; 

WRITELN ( OutputFile , ' Frequency  ( Hz ) : , , ' , InputFrequency : 2 : 2 ) ; 

WRITELN (OutputFile, 'Periods  Averaged:,, ', NumberPeriods : 2 : 2 ) ; 

WRITELN (OutputFile) ; 

WRITE ( OutputFile , ' , Period , Period , Functional , Functional ' ) ; 

WRITELN (OutputFile, ', Chart , Chart , Chart , Smooth ' ); 

WRITE (OutputFile, ' Time, Input, Output , Input , Deflection ' ) ; 

WRITELN (OutputFile, ' , Input , Output , Deflection , Deflection ' ) ; 

WRITE (OutputFile, ' (ms) , (Volts) , (Volts) , (Volts) , (nm) ' ) ; 

WRITELN (OutputFile, ' , (Volts) , (Volts) , (nm) , (nm) ' ) ; 

WRITELN (OutputFile) ; 

Close (OutputFile) ; 

END; 

(**********************************************************************) 
PROCEDURE  WriteOutputData; 

CONST  SigFigs  :  WORD  =  6; 

VAR 

OutputFile  :  TEXT; 

DataTransferValue  :  STRING; 

Writelndex,  Index  :  WORD; 

BEGIN 

WRITELN; 

WRITE ( 'Writing  Analysis  Data  To  ' , FileName, '  ...  ' ); 
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Delay(lOOO) ; 


Assign (OutputFile, FileName) ; 

APPEND (OutputFile) ; 

For  Index  :=  1  to  NumberPerPeriod  DO 
BEGIN 


{  T ime  } 

STR(Index*TimePerPoint*1000 : SigFigs : SigFigs , DataTransferValue) ; 
WRITE ( OutputFile , DataTransf erValue , '  ,  '  ) ; 

{  Period  Input  /  Output  } 

STR( Input [ Index] : SigFigs : SigFigs , DataTransferValue) ; 

WRITE (OutputFile, DataTransferValue, 1 ,  ’ ) ; 

STR( Output [ Index] : SigFigs : SigFigs , DataTransferValue) ; 

WRITE (OutputFile, DataTransferValue, ' , ' ); 

If  Index  =  1  then 
BEGIN 

WRITE (OutputFile , ’  {  Negative  Input  Points  Neglected:'); 

WRITE (OutputFile, , NegativelnputPoints , ’ , ' ) ; 

WRITE (OutputFile, 'Points  ) ’ ) ; 

END 

ELSE  If  (  Index  >  2  )  and  (  Index  <=  FunctionalPoints  +  2  )  then 
BEGIN 


{  Functional  Phase  /  Deflection  ] 

Writelndex  :=  Index  +  NumberPerPeriod  -  2; 

STR( Input [Writelndex] : SigFigs : SigFigs , DataTransferValue ) ; 

WRITE (OutputFile, DataTransf erValue) ; 

STR ( Output [Writelndex] : SigFigs : SigFigs , DataTransferValue) ; 
WRITE (OutputFile, ' , ' , DataTransf erValue) ; 

{  Chart  Data  ) 

If  Index  <=  (  MaxChartPoints  +  2  )  then 
BEGIN 

Writelndex  :=  Index  +  NumberPerPeriod  +  FunctionalPoints; 
INC (Writelndex, (  ROUND(  FunctionalPoints  /  2  )  -  2  )  ); 
STR( Input [Writelndex] : SigFigs : SigFigs , DataTransferValue) ; 
WRITE (OutputFile, 1 , ' , DataTransferValue) ; 

STR ( Output [Writelndex] : SigFigs : SigFigs , DataTransferValue) ; 
WRITE (OutputFile, ’ , ' , DataTransf erValue) ; 

INC (Writelndex, MaxChartPoints ) ; 

STR( Input [Writelndex] : SigFigs : SigFigs , DataTransferValue) ; 
WRITE (OutputFile, ' , ' , DataTransf erValue) ; 

STR ( Output [Writelndex] : SigFigs : SigFigs , DataTransferValue) ; 
WRITE (OutputFile, ' , ' /DataTransferValue) ; 

END; 

END; 

WRITELN( OutputFile) ; 

END; 

Close (OutputFile) ; 


END; 
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(********************************************★*************************) 
PROCEDURE  ChopOff EndPoints; 

VAR 

Index,  ChopPoints  :  WORD; 

BEGIN 

WRITELN; 

WRITELN; 

WRITE ( 'Performing  Numerical  Analysis  ...  1 ) ; 

Delay (1000) ; 

{  The  first  and  last  two  percent  of  the  points  of  each  waveform  are  } 

{  discarded  to  remove  the  transient  effects  of  the  scope  waveforms.  } 

ChopPoints  :=  ROUND (  0.02  *  PointsCaptured  ); 

NumberPoints  : =  NumberPoints  -  2  *  ChopPoints; 

For  Index  :=  1  to  NumberPoints  DO 
BEGIN 

Input[Index]  :=  Input[Index  +  ChopPoints]; 

Output [ Index]  :=  Output[lndex  +  ChopPoints]; 

END ; 


END; 

(**********************************************************************) 

PROCEDURE  GetAverageWaveForms ; 

TYPE 

IndexArrayType  =  Array [  1. . (  2  *  MaxNumberof Periods  +  1  )  ]  of  WORD; 
VAR 

IndexArray  :  IndexArrayType; 

MidPointsFound ,  Number Samples , 

Delta,  Index,  Periodlndex  :  WORD; 

VinMin,  VinMax,  VinMidPoint, 

ThisDelta,  NextDelta,  RunningSum  :  SINGLE; 

BEGIN 

{  The  input  signal  trace  is  scanned  to  find  the  maximum  and  minimum  ] 

{  values.  The  midpoint  value  is  then  calculated  as  their  average.  } 

VinMin  :=  Input [ 1] ; 

VinMax  :=  Input [1]; 

For  Index  :=  2  to  NumberPoints  DO 
BEGIN 

If  Input[Index]  <  VinMin  then  VinMin  :=  Input [ Index] ; 

If  Inputflndex]  >  VinMax  then  VinMax  :=  Input [ Index] ; 

END; 

VinMidPoint  :=  (  VinMax  +  VinMin  )  /  2; 

{  The  number  of  points  between  each  sample  of  the  input  midpoint  are  } 
{  counted.  The  number  of  points  between  every  other  sample  are  then  } 
{  averaged  to  determine  the  number  of  points  per  period.  The  input  } 
{  signal  frequency  and  the  time  between  points  are  then  calculated.  } 
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MidPointsFound  :=  0; 

For  Index  :=  1  to  NumberPoints  DO 
BEGIN 

ThisDelta  :«=  Input  [Index]  -  VinMidPoint; 

NextDelta  :=  Input [ Index+1]  -  VinMidPoint; 

If  (  ThisDelta  *  NextDelta  )  <=  0  then 
BEGIN 

INC (MidPointsFound) ; 

If  ABS (ThisDelta)  >  ABS (NextDelta)  then  INC(Index); 
IndexArray [MidPointsFound]  : =  Index; 

END; 

END; 

NumberSamples  :=  ROUND (  (  MidPointsFound  -  2  )  /  2  ); 

RunningSum  :=  0; 

For  Index  :=  1  to  NumberSamples  DO 
BEGIN 

Delta  :=  IndexArray [( Index- 1) *2+3]  -  IndexArray [( index- 1) *2+1] ; 
RunningSum  :=  RunningSum  +  Delta; 

END; 

NumberPerPeriod  :=  ROUND (  RunningSum  /  NumberSamples  ); 

TimePerPoint  TimeSpan  /  PointsCaptured; 

InputFrequency  :=  NumberSamples  /  (  RunningSum  *  TimePerPoint  ); 

{  The  input  and  output  waveforms  are  averaged  between  each  period  } 
{  and  placed  in  the  second  period  of  the  corresponding  array.  } 

For  Index  : =  1  to  NumberPerPeriod  DO 
BEGIN 

RunningSum  :  =  0; 

NumberSamples  :=  0; 

Periodlndex  : =  Index; 

REPEAT 

INC ( NumberSamples ) ; 

RunningSum  :=  RunningSum  +  Input [Periodlndex] ; 

INC ( Periodlndex , NumberPerPeriod ) ; 

Until  Periodlndex  >  NumberPoints ; 

Input [ Index+NumberPerPeriod]  :=  RunningSum  /  NumberSamples; 

END; 

For  Index  :=  1  to  NumberPerPeriod  DO 
BEGIN 

RunningSum  :=  0; 

NumberSamples  :=  0; 

Periodlndex  :=  Index; 

REPEAT 

INC (NumberSamples) ; 

RunningSum  :=  RunningSum  +  Output [Periodlndex] ; 

INC ( Periodlndex , NumberPerPeriod ) ; 

Until  Periodlndex  >  NumberPoints; 

Output [Index+NumberPerPeriod]  :=  RunningSum  /  NumberSamples; 

END; 


END; 

(**********************************************************************) 
PROCEDURE  GetOutputShift; 

VAR 

Index,  Samplelndex,  Span, 

QuarterPeriod,  ThreeQuarterPeriod  :  WORD; 


Slope ,  OutputSample , 

VinMin,  VinMax,  VoutMin,  VoutMax, 
VinMidPoint,  ThisDelta,  NextDelta 


A-ll 


:  REAL ; 


{  The  output  waveform  must  be  shifted  ahead  in  the  time  domain  to  } 
{  compensate  for  the  delay  due  to  the  capacitance  of  the  system.  } 

BEGIN 


QuarterPeriod  :=  ROUND (  NumberPerPeriod  /  4  ); 

ThreeQuarterPeriod  :=  ROUND (  3  *  NumberPerPeriod  /  4  ); 

{  The  index  of  the  first  peak  in  the  averaged  input  signal  is  found  } 
{  from  the  index  and  slope  of  the  first  midpoint.  The  maximum  and  } 
{  minimum  values  of  the  input  and  output  signals  must  also  be  found.  } 


VinMin  : =  Input [ 1 ] ; 

VinMax  : =  Input [ 1 ] ; 

VoutMin  :=  Output [1]; 

VoutMax  : =  Output [ 1 ] ; 

For  Index  :  *=  2  to  NumberPerPeriod  DO 
BEGIN 

If  Input [Index]  <  VinMin  then  VinMin  := 
If  Input [Index]  >  VinMax  then  VinMax  := 
If  Output [Index]  <  VoutMin  then  VoutMin 
If  Output [Index]  >  VoutMax  then  VoutMax 
END; 

VinMidPoint  :=  (  VinMax  +  VinMin  )  /  2; 


Input [Index] ; 
Input [Index] ; 

:=  Output [Index] ; 
: =  Output [Index] ; 


Index  :=  0; 

REPEAT 

INC (Index) ; 

ThisDelta  :=  Input [Index]  -  VinMidPoint; 

NextDelta  : =  Input [ Index+1]  -  VinMidPoint; 

Until  (  ThisDelta  *  NextDelta  )  <=  0; 

If  ABS( ThisDelta)  >  ABS (NextDelta )  then  INC(Index); 


Slope  :  =  Input [Index+10]  -  Input [ Index-10 ] ; 

If  Slope  >  0  then  INC ( Index , QuarterPeriod) 

ELSE  If  Index  >=  QuarterPeriod  then  DEC ( Index, QuarterPeriod) 

ELSE  INC( Index, ThreeQuarterPeriod) ; 

{  At  this  index  the  output  value  and  the  slope  are  used  to  determine  } 
{  the  output  sample  value  which  is  given  as  the  average  between  this  } 
{  point  and  the  previous  relative  maximum  or  minimum  of  the  output.  } 


Slope  :=  Output [Index]  -  Output [ Index- 10 ] ; 

If  Slope  >  0  then 

OutputSample  :=  (  Output [ Index]  +  VoutMin  )  /  2 
ELSE  OutputSample  :=  (  Output [ Index]  +  VoutMax  )  /  2; 


Samplelndex  :=  Index; 

REPEAT 

DEC (Samplelndex) ; 

ThisDelta  :  =  Output [Samplelndex]  -  OutputSample; 
NextDelta  :=  Output [Samplelndex+l]  -  OutputSample; 

Until  (ThisDelta  *  NextDelta)  <=  0; 

If  ABS (ThisDelta)  >  ABS (NextDelta )  then  INC (Samplelndex); 


Span  :=  Index  -  Samplelndex; 

Index  :=  Samplelndex; 

Samplelndex  :=  Index  +  Span; 

REPEAT 

INC (Samplelndex) ; 

ThisDelta  :=  Output [Samplelndex]  -  OutputSample; 
NextDelta  :=  Output [Samplelndex+l]  -  OutputSample; 

Until  (ThisDelta  *  NextDelta)  <=  0; 

If  ABS (ThisDelta)  >  ABS (NextDelta )  then  INC (Samplelndex); 
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OutputShift  :=  ROUND (  (  Samplelndex  -  Index  )  /  2  -  Span  ); 

END; 

(**********************************************************************) 
PROCEDURE  TranslateWaveForms; 


VAR 


Index,  Periodlndex,  Translate, 

QuarterPeriod,  ThreeQuarterPeriod  :  WORD; 

Slope,  Amplify, 

VinMin,  VinMax,  VoutMin,  VoutMax, 

VinMidPoint,  ThisDelta,  NextDelta  :  REAL; 

BEGIN 


QuarterPeriod  :  =  ROUND (  NumberPerPeriod  /  4  ); 

ThreeQuarterPeriod  :=  ROUND (  3  *  NumberPerPeriod  /  4  ); 

{  The  index  of  the  first  valley  of  the  averaged  input  waveform  is  } 
{  found  from  the  index  and  slope  of  the  first  input  midpoint.  The  } 
{  maximum  and  minimum  values  are  again  scanned  for  both  waveforms.  } 


VinMin  :=  Input [ 1] ; 

VinMax  Input [1]; 

VoutMin  :=  Output [1]; 

VoutMax  :=  Output [1]; 

For  Index  : =  2  to  NumberPerPeriod  DO 
BEGIN 

If  Input [Index]  <  VinMin  then  VinMin  : = 
If  Input [Index]  >  VinMax  then  VinMax  := 
If  Output [Index]  <  VoutMin  then  VoutMin 
If  Output [Index]  >  VoutMax  then  VoutMax 
END; 

VinMidPoint  :=  (  VinMax  +  VinMin  )  /  2; 


Input [Index] ; 
Input [Index] ; 

: =  Output [ Index] ; 
:  =  Output [ Index ] ; 


Index  :=  0; 

REPEAT 

INC (Index) ; 

ThisDelta  :=  Input [Index]  -  VinMidPoint; 

NextDelta  :=  Input [ Index+1]  -  VinMidPoint; 

Until  (  ThisDelta  *  NextDelta  )  <=  0; 

If  ABS (ThisDelta)  >  ABS (NextDelta)  then  INC(Index); 


Slope  :=  Input [Index+10]  -  Input [Index- 10] ; 

If  Slope  <  0  then  INC ( Index, QuarterPeriod) 

ELSE  If  Index  >=  QuarterPeriod  then  DEC ( Index, QuarterPeriod) 

ELSE  INC ( Index , ThreeQuarterPeriod ) ; 

{  The  averaged  input  and  output  traces  are  translated  into  the  first  } 
{  period  of  the  corresponding  array  such  that  the  first  point  of  the  ] 
{  input  array  is  the  minimum  value  of  the  ideal  input.  The  output  ] 
{  trace  is  also  translated  by  the  additional  amount  of  OUTPUTSHIFT.  ] 


Periodlndex  :=  Index; 

For  Index  : =  1  to  NumberPerPeriod  DO 
BEGIN 

Translate  : =  (  ( Periodlndex+Index- 2 )  MOD  NumberPerPeriod  )  +  1; 
Input [Index]  :=  Input [Translate+NumberPerPeriod] ; 

Translate  :=  ( (Translate-f OutputShift- 1)  MOD  NumberPerPeriod)  +1; 
Output [ Index]  :=  Output [Translate+NumberPerPeriod] ; 
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END; 


{  The  output  array  is  amplified  to  match  the  positive  input  range.  } 
{  This  minimum  value  is  zero  and  the  maximum  value  is  PEAKVALUE.  } 

Amplify  :=  VinMax  /  (  VoutMax  -  VoutMin  ); 

For  Index  : =  1  to  NumberPerPeriod  DO 

Output [ Index]  Amplify  *  (  Output [ Index]  -  VoutMin  ); 


END; 

(**********************************************************************) 
PROCEDURE  IdealizelnputSignal; 

VAR 

Index  :  WORD; 

VinMin,  VinMax,  Temp, 

VinMidPoint,  Amplify  :  REAL; 

BEGIN 

{  Due  to  the  clipping  effects  of  the  transformer  voltage  generator  } 

{  of  the  voltage  multiplier,  the  input  waveform  is  replaced  with  a  } 

{  cosine  wave  given  by  the  input  frequency  and  time  span.  } 

{  This  procedure  is  used  only  when  the  raw  data  is  unusable!  ] 

VinMin  :=  Input [NumberPerPeriod  +  1] ; 

VinMax  :=  Input [NumberPerPeriod  +  1]  ; 

For  Index  :=  (  NumberPerPeriod  +  2  )  to  (  2  *  NumberPerPeriod  )  DO 
BEGIN 

If  Input [Index]  <  VinMin  then  VinMin  :=  Input [ Index] ; 

If  Input [Index]  >  VinMax  then  VinMax  :=  Input [ Index] ; 

END ; 

Amplify  :=  (  VinMax  -  VinMin  )  /  2; 

VinMidPoint  ;=  (  VinMax  +  VinMin  )  /  2; 

For  Index  :■  1  to  NumberPerPeriod  DO 
BEGIN 

Temp  ; =  Cos (  2  *  PI  *  Index  /  NumberPerPeriod  ); 

Input [Index]  :=  -1  *  Amplify  *  Temp  +  VinMidPoint; 

END; 


END; 

(**********************************************************************) 
PROCEDURE  GetPositivelnputPoints ; 

VAR  Index  :  WORD; 

BEGIN 

{  The  number  of  positive  input  points  are  found  so  as  to  determine  } 
{  the  range  of  functional  data.  The  phase  and  deflection  arrays  are  } 
[  calculated  only  from  positive  input  points.  The  functional  input  } 
{  and  output  arrays  are  placed  in  the  second  period  of  their  array.  } 

NegativelnputPoints  :=  0; 

REPEAT 

INC(NegativelnputPoints) ; 
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Until  Input [NegativelnputPoints]  >=  0; 

Index  : =  NegativelnputPoints; 

DEC (NegativelnputPoints) ; 

FunctionalPoints  :=  0; 

While  Input [Index]  >=  0  DO 
BEGIN 

INC(FunctionalPoints) ; 

Input [NumberPerPeriod+FunctionalPoints]  :=  Input [Index] ; 
Output [NumberPerPeriod+FunctionalPoints]  :=  Output [ Index] ; 
INC (Index) ; 

END; 


END; 

(it*********************************************************************) 

PROCEDURE  GetResponseData; 

VAR 

Sign  :  INTEGER; 

Index,  Periodlndex,  Array Index  :  WORD; 

VoutMin,  VoutMax,  NewPhase,  PreviousPhase, 

DeltaPhase,  FirstSample,  SecondSample, 

TotalPhaseChange,  ReversalPhase  :  REAL; 

BEGIN 

{  The  output  signal  is  scanned  to  determine  the  maximum  and  minimum  ] 

{  values  which  will  be  used  to  determine  the  phase  calculations.  } 

VoutMin  :=  Output [ 1] ; 

VoutMax  : =  Output [ 1 ] ; 

For  Index  : =  2  to  NumberPerPeriod  DO 
BEGIN 

If  Output [ Index]  <  VoutMin  then  VoutMin  :=  Output [ Index] ; 

If  Output [ Index]  >  VoutMax  then  VoutMax  :=  Output [ Index] ; 

END ; 

{  The  phase  array  is  placed  in  the  second  period  of  the  input  array  ] 
{  and  deflection  is  placed  in  the  second  period  of  the  output  array.  ] 
{  Both  arrays  are  calculated  using  only  the  positive  input  points.  ] 

For  Index  :=  1  to  FunctionalPoints  DO 
BEGIN 

NewPhase  :=  2*Output [Index+NumberPerPeriod] -VoutMax -VoutMin; 
NewPhase  :=  NewPhase  /  (  VoutMax  -  VoutMin  ); 

Input [ Index+NumberPerPeriod]  :=  ArcCos (  NewPhase  ); 

END; 

PreviousPhase  :«  Input [NumberPerPeriod+1] ; 

TotalPhaseChange  :=  0; 

For  Index  :=  2  to  FunctionalPoints  DO 
BEGIN 

NewPhase  : =  Input [ Index+NumberPerPeriod] ; 

DeltaPhase  : =  ABS(  NewPhase  -  PreviousPhase  ); 

PreviousPhase  : =  NewPhase; 

TotalPhaseChange  :=  TotalPhaseChange  +  DeltaPhase; 

END; 


A-15 


TotalPhaseChange  :=  TotalPhaseChange  /  2; 

PreviousPhase  : =  Input [NumberPerPeriod+1]  ; 

Input [NumberPerPeriod+1]  :=  0; 

Output [NumberPerPeriod+1]  :«=  0; 

Sign  :=  1; 

For  Index  ;=  2  to  FunctionalPoints  DO 
BEGIN 

Periodlndex  :=  Index  +  NumberPerPeriod; 

DeltaPhase  : =  ABS(  Input [Periodlndex]  -  PreviousPhase  ); 

{  METHODS:  Finding  the  point  at  which  to  reverse  the  phase  array.  } 

{#1}  {  If  Sign  *  NewPhase  >=  TotalPhaseChange  then  Sign  :=  -1; 

NewPhase  :=  Input [Periodlndex-l]  +  Sign  *  DeltaPhase;  ] 

{  Method  #2  works  best  with  the  idealized  input  signal!  ] 

{#2}  If  Index  <=  (  (  FunctionalPoints  /  2  )  +  1  )  then 

NewPhase  : =  Input [Periodlndex-l]  +  DeltaPhase 
ELSE  NewPhase  : -  Input [Periodlndex-l]  -  DeltaPhase; 

PreviousPhase  :=  Input [Periodlndex] ; 

Input [Periodlndex]  :=  NewPhase; 

Output [Periodlndex]  :=  (  NewPhase  *  WaveLength  )  /  (  4  *  PI  ) ; 

END; 

{  Overwrite  intermediate  phase  data  with  functional  input  data.  ] 

For  Index  :=  1  to  FunctionalPoints  DO 
BEGIN 

Arraylndex  :=  NumberPerPeriod  +  index; 

Periodlndex  :=  NegativelnputPoints  +  Index; 

Input [Arraylndex]  : -  Input [Periodlndex] ; 

END; 

[  The  input  trace  and  the  deflection  array  are  averaged  about  their  ] 
{  central  points  to  produce  arrays  that  are  half  a  period  in  length.  ] 
[  These  traces  are  placed  in  the  third  section  of  their  arrays.  ] 

For  Index  : =  1  to  ROUND (  FunctionalPoints  /  2  )  DO 
BEGIN 

Periodlndex  :=  FunctionalPoints  -  Index  +  1; 

Arraylndex  :=  Index  +  NumberPerPeriod  +  FunctionalPoints; 
FirstSample  :=  Input [  NumberPerPeriod  +  Index  ]; 

SecondSample  :=  Input [  NumberPerPeriod  +  Periodlndex  ]; 

Input [Arraylndex]  :=  (  FirstSample  +  SecondSample  )  /  2; 
FirstSample  :=  Output [  NumberPerPeriod  +  Index  ]; 

SecondSample  :=  Output [  NumberPerPeriod  +  Periodlndex  ]; 

Output [Arraylndex]  :=  (  FirstSample  +  SecondSample  )  /  2; 

END; 


END; 

(**********************************************************************) 
PROCEDURE  GetChartWaveForms; 

VAR 

ArrayLimit,  Index, 

Periodlndex,  Translate  :  INTEGER; 
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Deltalndex,  Average 


:  REAL; 


BEGIN 

WRITELN; 

WRITELN; 

WRITE ( ’Generating  Chart  Data  .  .  .  ' ) ; 

ArrayLimit  :=  ROUND (  FunctionalPoints  /  2  ); 

Deltalndex  :=  (  ArrayLimit  -  1  )  /  (  MaxChartPoints  -  1  ); 

Average  : =  (  MaxChartPoints  -  ArrayLimit  )  /  (  MaxChartPoints  -  1  ); 
For  Index  :=  1  to  MaxChartPoints  DO 
BEGIN 

Periodlndex  : =  Index+ArrayLimit+NumberPerPeriod+FunctionalPoints ; 
Translate  : =  ROUND ( Deltalndex* Index+ Average ) +NegativeInputPoints ; 
Input [Periodlndex]  :  =  Input [Translate] ; 

Output [Periodlndex]  :=  Output [Translate] ; 

DEC(Translate, NegativelnputPoints ) ; 

INC (Translate, NumberPerPeriod) ; 

INC ( Periodlndex , MaxChartPoints ) ; 

Input [Periodlndex]  : =  Output [Translate] ; 

END; 


END; 

(it*********************************************************************) 

PROCEDURE  SmoothChartData ; 

CONST  N  =  15;  {  Number  of  points  used  in  linear  regression  fit.  ] 

VAR  Startlndex,  Endlndex,  Pointlndex, 

Index,  Arraylndex,  FirstPoint  :  WORD; 

SumProduct,  SumXSquared,  NewPoint, 

SumX,  SumY,  Slope,  Intercept  :  REAL; 

BEGIN 

Startlndex  :=  ROUND (  (  N  +  1  )  /  2  ); 

Endlndex  : =  ROUND (  MaxChartPoints  -  (  N  -  1  )  /  2  ) ; 

Index  :=  NumberPerPeriod+FunctionalPoints+ROUND ( FunctionalPoints/2 ) ; 

For  Pointlndex  :=  1  to  MaxChartPoints  DO 

If  Pointlndex  in  [  Startlndex  . .  Endlndex  ]  then 
BEGIN 

SumProduct  : =  0 ; 

SumX  : =  0 ; 

SumY  : =  0 ; 

SumXSquared  : =  0 ; 

FirstPoint  :=  Pointlndex  -  Startlndex  +  1; 

For  Arraylndex  :=  FirstPoint  to  (  FirstPoint  +  N  -  1  )  DO 
BEGIN 

SumProduct  :=  SumProduct  +  Input [ Index+Arraylndex]  * 

Input [ Index+Arraylndex+MaxChartPoints ] ; 

SumX  :=  SumX  +  Input [ Index+Arraylndex] ; 

SumY  :=  SumY  +  Input [ Index+Arraylndex+MaxChartPoints ] ; 
SumXSquared  :=  SumXSquared  +  SQR( Input [ Index+Arraylndex] ) ; 
END; 

If  (  N  *  SumXSquared  -  SQR(  SumX  )  )  «=  0  then 
BEGIN 

Sound(1256) ; 
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Delay(lOO) ; 

NoSound; 

WRITELN; 

WRITELN (  ’  ***  Error  Smoothing  Data  Curve!  ***'); 
WRITELN; 

EXP¬ 

END; 

Slope  :=  N  *  SumProduct  -  SumX  *  SumY; 

Slope  : =  Slope  /  (  N  *  SumXSquared  -  SQR(  SumX  )  ); 
Intercept  : =  SumY  /  N  -  Slope  *  SumX  /  N; 

NewPoint  :=  Slope  *  Input [ Index+Pointlndex]  +  Intercept; 
Output [ Index+MaxChartPoints+Pointlndex ]  : =  NewPoint ; 

END 

ELSE 

BEGIN 

Arraylndex  : =  Index  +  Pointlndex  +  MaxChartPoints ; 

Output [Arraylndex]  : =  Input [Arraylndex] ; 

END; 


END; 

(**********************************************************************) 

BEGIN 

Mark(MemoryPointer ) ; 

CLRSCR; 

[  Current  Test  Data:  ] 

TestChip  :=  ' MUMPS 6 1 ; 

WRITELN; 

WRITE (’Enter  Mirror  Number:  '); 

READLN(TestStructure) ; 

WRITELN; 

WRITE (’Enter  Pixel  Location:  ’); 

READLN ( PixelLocation ) ; 

CLRSCR; 

GetOpsInformation; 

SelectOutputFile ; 

GetHeaderData ; 

GetSignalData; 

ChopOff EndPoints; 

GetAverageWaveForms ; 

GetOutputShift; 

TranslateWavef orms ; 

{  IdealizelnputSignal; ] 

GetPositivelnputPoints ; 

GetResponseData ; 

GetChartWaveForms ; 

SmoothChartData ; 

WRITELN; 

WRITELN; 

WRITELN (' Points  Captured 
WRITELN (’ Points  Averaged 
WRITELN (’ Points  Per  Period 
WRITELN (' Points  Analyzed 


'  , PointsCaptured)  ; 

'  , NumberPoints )  ; 

’  , NumberPerPeriod) ; 

'  , FunctionalPoints ) ; 
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WRITELN ( ' Output  Shift  :  ' , OutputShif t ) ; 

WRITELN (’ Frequency  (Hz)  :  ' , InputFrequency : 1 : 1) ; 

Delay (50) ; 

Wr iteOutputHeader ; 

WriteOutputData ; 

ChDir (OpsDirectory) ; 

WRITELN; 

WRITELN; 

WRITE ( 'DONE!  Returning  to  Windows  ...  ' ) ; 

Delay ( 5000 ) ; 

Release (MemoryPointer ) ; 

END. 
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Arc  Length  Approximations 


Exact  Solution: 


Numerical  Integration: 


Elliptic  Solution: 
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Plotting  Specifications:  ip  := -1.5  ,-1.48..  0  zm  =3-|im  xf:=0.2^m 


AAL 

AAL 

AAL 


0.03 


cf(V’zm) 

ni(^,z  m) 
es^m) 


0 


w 

2 


xf 


x(v,zra,w) 


w 
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The  Elliptical  Solution  method  using  N  =  10  points  is  clearly  the  most  erroneous  of  the  three 
solutions.  The  Numerical  Integration  method  using  only  N  =  5  points  produces  the  least 
overall  error  as  can  be  seen  by  integrating  the  above  curves  through  the  range  of  x  shown. 
However,  the  Curve-Fitting  solution  has  the  lowest  maximum  error  out  of  the  three  curves 
and  offers  a  much  simpler  function.  It  should  be  noted  that  different  values  of  zm  produce 
exactly  the  same  traces,  but  xf  must  change  proportional  to  zm  so  that  larger  zm  values  will 
create  fringing  effects  further  into  the  mirror  from  the  edge.  The  maximum  error  of  the 
Curve-Fitting  function  is  about  0.2%  of  the  actual  value  given  by  the  definite  integral. 


Curve-Fitting  Approximation 


Fitting  Indices: 


wx  :=  16- pm  z  m  :=  4- pm  NumPoints  :=  100  i  :=  0,1..  NumPoints 


Basic  Functions: 


V o(z m,w x)  I  i 

V= - - - II 


NumPoints 


Lv(v.zm>a’b)  :=  Zm'l1  +  a-exp(b-v)) 


Fitting  Function :  SLS(a,b)  :=  ^  (ArcLength(y.  ,z  m)  -  ,zm,a,b^ 


Initial  Guesses: 


Solve  Block: 


a  :=  0.2701  b  :=  2.0918 


Given  SLS(a,b)»0-|im  1«1 


MinErr(a,b) 


a  =  0.27 


b  =  2.092 


0 


Inverse  Cosine  Function 


NumberPerPeriod  :=  1000  i  :=  1 ,2..  NumberPerPeriod  InValue  :=  -0.99843 
CosineIndexi  :=  2-i  -  1  NewTernij  :=  InValue  TempValuej  :=  0 


NewTerm^i+  ^ 


2  /  \  2 

NewTerny  ( InValue )  •  f  Cosinelndexj  J 
^Cosinelndexj  +  l^Cosinelndexj  +-  2 j 


ArcCos  := 


Jt 

2 


E 


NewTermi 


i 


TempValue^  ^  :=  TempValuej  +■  NewTernij 


ArcCos  =  0.982133  *  7C 


acos(InValue)  =  0.982161  •% 

2  "  TemPValueNumberPerPeriod  =  0-982133 -JT 
”  -  asin(InValue)  =  0.982161  *n 


1 


10 


100 


1000 


Total  Electric  Field 


Device  Parameters: 


wx  :=  16  |im  wy  :=  16- (im  zm  :=  4-|im  VQ  =  10- volt 


Field  Parameters: 


i  ArcLength  (V ,  z  mj  ^ 


Parameterized  Solution : 


El(t|Ax,Vy)zm,Vo)  :=^(E2D(^x’zm-Vo)  +E2D(Vy’zm’Vo 


e2(v 


X  ^  y  }Z  j 


•V0)  JE2D(^x,zm,Vo)*E2D(^y,zm)Vo) 


Total  Electric  Field: 


PointSpan  =20  x  :=  0 , 1 ..  PointSpan  y  :=  0 , 1 ..  PointSpan 


'^o(wx’zm),(PointSPan  "  x> 
PointSpan 


^ o(w  y ,z  m) * (PointSPan  -  y) 

\\r  := - 

y  PointSpan 


E1x,y  :=El(^x’^y’Zm>Vo) 


E2 


x,y 


Total  Electric  Field  ( Continued ) 


Field  Functions: 


L (Y)  ■=  z  m- ( 1  +  0.27013- exp( 2.09158- V)) 


Total  Electric  Field:  NumPoints  =  40 


x  :=  0 , 1 ..  NumPoints  y  :=  0 , 1 ..  NumPoints 


Vx;= 


Vo(wx’zm)'^umPo^nts  ”  x) 
NumPoints 


^o(wy,zm)'(NumPoints  “  y) 

tit  := - - - 

y  NumPoints 


EFieldx.y  =  E(^x.Vy) 


Electric  Field  Fringing  Losses 


ELoss  :=  — -  -  EField 

A,y  7 

rn 


EField 


T otal  Electric  Field  (  Continued ) 


Field  Functions: 


L(v)  ^m'(l  +  0.27013- exp( 2.09158- V))  x.Vy)  :=  +  ^ 


V 


o  /  1  1 


V, 


Field  Parameters. :  NumPoints  =50  x  :=  0 , 1 ..  NumPoints  y  =0,1..  NumPoints 


V0(wx-zm)-(NumPoints-x)  J  NumPoints  .  /M  _  .  w  ,  , 

f X(x)  := - — — -  w  :=  if  x< - - - ,fx( NumPoints  -  x),fx(x) 


NumPoints 


Vo  wy,zm -(NumPoints -y)  /  NumPoints  ,  ,M  .  ,  .  ,  , 

f  (y)  := - XT  . -  Vv  :=  if  y< - - - ,fy(NumPoints  -  y),f  (y) 

y  NumPoints  y  \  2  J  1 


EField 


Normalized  Force  Magnitude  Contours 


Parametric  Numerical  Integration 


Device  Parameters: 


wx:=100-pm  Wy  :=  20- pm  zm:=3-pm  VD  :=  10-volt 


Index  Ranee: 


NumPoints  :=  1000  i  :=  1 ,2..  NumPoints 


Field  Functions: 


L(\|f)  :=  z  _•(  1  +•  0.27013- exp( 2.09158- v))  E(\| t)  = 


Initial  Parameters: 


x0:=0-pm  y0  =  0-jtm  Vx  =  ¥0(zm>wx)  ^y.  :=  ^ o(z m’w y, 


Parameteric Ranges:  vx  :=  ¥0(zm.wx')-(  1 


NumPoints 


x.  := - f,  +  1  -  e 

2-7t  \  xi 


Vx.  Wx 


Vyi^o(zm.Wy)-  1-^-^ 


Vyj  Wy 


Integral  Solutions: 


wx  [v—,  r  2 


XYm.  ‘  rfSl-l  -  \l-  ,>]-[E(vXl)  *  e[Vx<i_  i)]]l-[2[y.  -  ?(.-  .)]•[=(»,,)  ^  E[Vy<i_ 


Force  Calculations: 


•o, 

/V°] 

2  1 

iZm  / 

eo 

' /v_ 

-  2  ri 

Fm»o1  -  98.333333  -nN 


F  Actual  :=  V(X  Int  "YInt^  XYInt)  F  Actual  =  98.118341  -nN 


F  Ideal  F  Actual 


AF  -  0.002186 


Force  Loss  Due  To  Fringing  Effects 


Given  the  two-dimensional  loss  profile,  it  is  expected  that  the  loss  due  to  fringing  effects  will 
be  proportional  to  the  mirror  separation  distance,  zm,  and  the  length  of  the  mirror  perimeter. 

To  normalize  to  the  ideal  force,  the  loss  should  be  divided  by  the  device  area,  ( wx  *  wy ). 


i  :=  1,2..  10 


Wy  :=  16-|im 


/  \  m 

Fringe  (wx,zm)  = — 


'wx  +  wy 


wx'wy 


Mirror  Width  Dependence: 


The  loss  due  to  fringing  effects  can  directly  be  calculated  with  the  device  geometry.  The 
fringefunction  determines  the  loss  as  a  percentage  of  the  ideal  force  which  increases  with  the 
mirror  separation  distance,  zm,  and  decreases  with  the  mirror  area,  ( wx  *  wy ). 


Force  Loss  By  Fringing  ( continued  > 


Device  In  formation: 


wx  :=  8-nm,8.1-|im..  50-pm  zm  :=  3-|im 


V0:=  20-volt  wy(wx):=wx  Area(wx,wyj  :=  wx-wy 


Force  Functions: 


FIdeal(wx,wy ,z  o) 


eo  Vo 

;=  2 1z  'Wx'wy 

z  \  m/ 


AF  Fringing  ( w  x  ’ w  y  ’ z  m)  := 


Zm.l 

l  WX+  Wy\ 

82.7 ' 

1  w  x‘w  y  / 

F  Actual (wx-wy>zm-vo)  :=  FIdeal(wx -wy -z  m*v  o)^1  "  AFFringing(wx-wy-z 


The  zm  =  3  pm  curve  exhibits  the  largest  percent  error  of  the  ideal  force  throughout  the  range  of 

the  device  area.  Likewise,  smaller  mirror  separations  exhibit  less  significant  losses.  The  loss 
becomes  less  affected  by  the  device  area  as  the  size  of  the  mirror  increases  and  is  independent 
of  the  electric  potential,  V0,  between  the  mirror  and  the  addressing  electrode. 


Conformal  Mapping  Solution 


Flux  Line  Parameters : 


\|/  :=  -6,-5..  2 


<b'  :=  0, - ..  2-k 

100 


Potential  Line  Parameters: 


V  :=  -6 ,-5.99 ..2 


:=  0,- 


Jl 


2-Jt 


Parameterized  Solutions: 

x(<t>,y,zm)  1  ■  eV-cos(<j>)) 

z(<|>,\|f,zm)  :=^-(<()- ev-sin(<())) 

9-nm| 


a  »  I 


Parallel  Plate  Capacitor  Solution 


Device  Specifications: 


Flux  Line  Pammetersi 


Potential  Line  Parameters: 


Pammetenzcd  Solutions: 


W’  71 

w  :=  16*  ju.m  z  m  : =  4*  |im  y\r  Q  := - +1 

z  m 


\|r  :=  -1.2-v0,-l.l-v0..  1.2-V0  <t>'  = 


yf  :=  -1.2-i|f0,-1.19-v0..  1.2- v0  <|>  :=  0,|..2-JI 


z  m  /  -  \j/  \ 

x^'iy)  := - (\}f  -  v0+l"2*e  °-sinh(\}/)-cos(<j))j  + 

2*  7C  '  ' 


z( <)> ,\|/)  :=  — ^-(<|>  -  2-e  ¥o-cosh(ij;)*sin(<|)) 


Harmonic  Oscillators 


M  :=  10" 12  kg 


P  :=  0.01 -Hz 


A  :=  1-nN 


,  ^  ^  newton 

k  :=  0.5 - 

m 


fo  := 


co 


0 


2*7C 


f0-  112.54-kHz 


f  :=  112- kHz 


co  :=  2-  7T*f 


8  :=  atan 


2-co-p 


\“o 


CD 


6  =  2.943-10 


t  :=  0-sec 


5  5 

1000-f”  f 


xp(t) 


A  cos(co-t  -  8) 


1 


(2-Jt-f) 


2  „2 


4- (2-Jt-f)  -p 


Xp(0 

xpeak(f) 

"xpeak(-^ 


f 


f  := 


O-Hz , - ..  2  fn 

500  0 


xpeak(fo)  -m711*m 


Cross  Talk 


X 

Position 


Frequency  Band  Filter  Design 


Frequency  Range  of  Interest  for  Detector  Signal:  tos  =  l-Hz-(2-7t)  ,2-Hz-(2-ji)..  McHz(2-tt) 

Frequency  Range  of  Interest  for  Amplifier  Noise:  coN  ;=  l-kHz(2-7t),2-kHz-(2-n)..  l-MHz-(2-n) 


A  :=  400 


Two  stages  with  approximate  gain  of  20  each. 


Mirror  Surface  Deformations 


NumberPoints  =20  i  =  0 , 1 ..  NumberPoints  j  :=  0,1..  NumberPoints 


D1 


D2 


Mirror  surface  deformations  for  mirrors  in  which  the  hinges  are  attached 
at  some  length,  L^,  from  the  comers  of  the  mirror. 


L  jj  :=  5-|im 


Lx  :=wx~  Lh 


Ly:=wy-Lh 


Scale 


1  2 

2 

Wx  +Wy 

2  2  , 
w  x  ^  w  y  +  4* 

(Lh2-wxLh) 

x'(x,y)  :=  ^x-cos^0xj  -  y* sin ^0 Scale 


y'(x,y)  :=  (Vsin^0xj  +  y- cos ^0 Scale 


Di.j  :=d2(x'(Xi>yj)’y,(Xi’yj)) 


180 

0  - -  24.444 

x  n 


180 


24.444 


White  areas  represent  the  location  of  the  hinges  while  the  darker  areas  represent 
the  location  of  the  deeper  deflections. 


Mirror  Surface  Deformations  With  Corner  Flexures 


D2 


D2 


Mirror  Surface  Deformations  With  Side  Flexures 


Surface  Deformation  Integral  Verification 


..2 


Amplitude^  :=  50j-nm 


zi 


-Jim 


Az(x,y  ,Amp) 


Amp 

~2~ 


,  1  j 

1  1 

1  +  — 

COS 

2  1 

l  \ 

w , 


’w. 


Zj  -  Az^x,y ,  Amplitude^2 


dy  dx 
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SEM  Micrographs 
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Micromirror  Device  Layouts 
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Enlarged  Data  Plots 
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